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ABSTRACT

A number of FRS design concepts involve use of vary i ng volume fraction
of f iber , varying fibe r diameter , and cross—ply construction . Key properties
of such composi tes were evaluated to determ i ne whether there are any adverse
effects. Based upon elevated temperature tensile, creep, and thermal fatigue
testing , equiva lent mechanica l properties are obta ined if placement of plie s
is varied in a symmetrica l layup .

Based upon limited data , a ‘15 degree lam i nate Is superior to a 00 lamI-
nate in shear but Inferior In creep and therma l fatigue resistance. Longitu-
dina l tensile strength i s comparable to, or slightly less than, that for a
unidirectiona l composi te.

Techniques for fabrication of fully dense MA 956E-matrlx composi tes with-
out fiber damage were demonstrated.

- 1
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1.0 INTRODUCTION

In prev i ous work, a refractory wire reinforced FeCrA1Y system having a
desirable combi nation of properties for advanced gas turbine engine applica-
tions was developed . These Inc l ude oxidation/corros i on resistance , creep
strength , stress rupture , therma l fati gue resistance , and additional ly, a
l ower cost potential than other advanced cand i date systems .

The W-lThO2/FeCrA1Y system developed under NASC , NASA and TRW Interna l
fund i ng has been selected for a 1st generation FRS prototype blade design and
fabrication study. This first generation system has potential for operating
at up to Ii1.8’c (2100°F) metal temperatures and exhibits up to a threefold
specif ic strength advantage (1000-hour creep rupture) over the best competing
metallic systems, ox i dation/corrosion resistance such that protective coat i ngs
are not requ i red, and adequate resistance to therma l cycl i ng based on 1000-
cycle 27-1204°C (80°-2200°F) tests. Preliminary cost estimates have also m di-
cated that components such as FRS turbine blades could be fabricated at lower , ~costs than other competing systems , such as d i rect ional ly so l id i f ied eutectics ’1’ .

Important areas for I nvestigation relating to turbine component design re-
qu rements, which are not covered in other programs, include physica l and mechan-
ica l property data eva l uations on mixed filament diameters , Improved shear strength
matrices , “bI-metai” construc tions and variable fiber contents. Wi th additiona l
property data, it should be possible to factor in other diffusion controlled , time
dependent effects, such as growth or reaction zones, etc. Advanced systems with
highe r temperature capab ilities , i ncorporating coated fibers or potentially low
cost non-metal lic fibers , should also be considered for future generation FRS
systems .

This current program was designed to i nvestigate some of these advanced con- —

cepts relating to FRS composite desi gn and component fabrication.

1 
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2.0 BACKGROUND

The continu i ng objective of this program has been to develop an oxidation/
corrosion resistant metal-matrix fiber reinforced composite system designed for
advanced gas turb Ine eng i ne components which are capable of operating , without
a protective coating , at temperatures up to 1200°C (21.00°F).

A FeCrA1 Y alloy was selected for the matrix alloy based on known proper-
t ies which inc lude: excellent ox idation/corrosion resistance up to 1370° C
(2500°F), good duct ility, high melting point , low density, good fabr icab i ii ty
and low cost.

In the initial program (2), fabrication parameters were developed and
screeni ng stud i es performed using a variety of potential reinforcements, in—
clud i ng SIC , A1 203, W and Mo, and reaction barrier coatings. Based on ele-
vated temperature compatibility, preliminary stress rupture data and cost and
ava ilability, refractory metal wires (tungsten alloy, molybdenum alloy) were
identif led as hav i ng greatest potentia l as reinforcements for the first gener-
ation FRS systems. A W- l ThO2/FeCrA1Y composite system was subsequently shown
to have potential l ong term (>1000—hour stress rupture) life at temperatures
up to 1150°C (2100°F). Extended temperature capability would requ i re the use
of reaction barrier coatings and thermodynamically stable carbides TiC , TaC ,
HfC were identified as promising diffusion barriers coatings.

Subsequent work~~’
4
~ showed that the first generation system had moder-

ately good thermal fatigue resistance , very high density-compensated creep rup-
ture strengths (2 1/2 times those of D.S. eutectics at 10140° — 11 5 0 °C), excellent
oxidation resistance typica l of the FeCrAIY matrix alloy and adequate strengths
(angl e—pl led construction) at 650°—76O°C to withstand ty~~çai blade root stresses.
Cost estimates for turbine blade manufacturing processes’ ~‘ have indicated a very
favorable position for W/FeCrAIY components compared to even conventiona l D. S.
superalloys.

In the most recent work~~~, data on low cycle fati gue behavior and impact
properties were developed and the feasibility of hollow airfoil fabrication demon-
strated using a preconsolidated monotape and l eachable core technique .

Li
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3.0 PROGRAM PLAN

3.1 Effec t of Improved Shear Strength I4atrices

Centrifuga l stresses developed in a DSE or FRS turbine blade wi ll be
transmitted to fibers in the root area by a shear ,~çad transfer mechanism .
For a single fiber pullout spec imen , it was shown~ ‘that the cr itical aspect

ratio L
~ is related to the fiber fracture stress and matrix shear stress by

( C a (.2 ) Where L
~ 

c r i t i ca l fiber length
~~~t 4

~~t 0 fiber diameter
a = tensile stress for fiber fai lure in time t
-r = matrix shear stress for failure in time t

Thus , it is seen that there is a 4:1 relationshi p between r,~atrix shear
strength and c r i t i ca l fiber length for pullout. It should be observed that
the above relationship is regarded as conservative for multi-fiber composites
where tn -axia l restraints on the mat r i x  may exist.  Cross piy in~i results in
additiona l restraints to fiber pullout. It is felt that at least modest im-
provements in matrix shear strength could result from the use of oxide disper-
sion strengthened material and have significant effects on blade root design.

3.2 Effect of Vary ing Volume Fraction of Filament

Because of the hi gh density of the tungsten reinforcement , the most effi-
cient design for an FRS blade will probably i nvolve a concept such as tha t
shown In Figure 1 . An objective or this study is to i nvestigate the effects
.f varying vo l ume fraction on key properties.

3.3 Effect of Mixed Filament Diameters

One advanced FRS concept i nvolves the use of smaller diameter (>0.015”)
filaments in airfoil l ocations where higher stresses and l ower temperatures
prevail. Hi gher volume fraction load i ngs would be possible with smaller diam-
eter fibers (O.oo1.-O.Oio’) since smaller ply thicknesses would allow balanced
ang i e-ply buildup in relatively thin areas in a hollow blade . It w F $ l be neces-
sary to eval uate the creep and fracture behavior of these composites with mixed
diameter fibers. Tensile and creep tests will be performed on composi tes con-
taining fibers of different diameters.

3.4 Advanced Reinforcement Materials

The W-lThO2/FeCrAIY system has been selected as the first generation FRS
material . The potential , In terms of specific strength (i.e., dens i ty normal-
ized strength) for FRS materials based upon lower density fibers such as SiC Is

3
—
“

I

~

-

-~



~~~~~~~~~
-- -

~~~~~ 
-
~~~~~~~~~~~~~~

-5-- -—F- - - . 
- -

— --—-—--- — -—.5-- — — ~~~~. , _ _ -.— - - - - - - .
~~~
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~~E

WITH DESIRED

REINFORCEMENT ________________________

LEVEL _____________________________

LOW V~

• 
HIGH V1

2 ASSEMBLE PLIES

AND DIFFUSION BOND

(PRECISION FORGE1 3 LEACH OUT CORE

TO NEAR NET SHAPE AND

FINISH MACHINE

FIgure 1. Schematic Illustration of Stages In the Fabrica t ion of
FRS Blades wIth Internal Cavities and Variab le Fiber
Reinforcement Level.
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too great to ignore. in previous work, t was clearl y demonstrated tlja~, to- be useful i n FRS, SiC must be coated to prevent fiber-matr ix reac~ io~ L2~~ Thestate-of-the-art in fiber coating is advanc i ng In both quality and variety ofcoatings. A m inor objective of this effortw~ to assess the applicabil ity ofcoated SiC in FeC rA1Y.

3.5 W-lThO2/FeC rA1y Cha racter i zation

Critica l property tests will be performed to furthe r characterize this— first generation FRS system. This wi ll include shear, elevated temperaturetensile , thermal and low-cycle fatigue and effect of therma l cycling on resid-ual tensile strength.
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4 .0 PROCEDURES AND RESULTS

4 .1 Material Procurement

Matr)x All oy

The nom i nal composition of the selected matrix alloy is Fe-20-24Cr- 
—

5A1-l.OY (elements in weight percent). This was procured from Special Metals ,
Ud imet Powder Division of Allegheny Ludlum In the form of pre-alloyed 254 i’ powder
made by the argon atom i zation process. The majority of the powder being used
on the program is screened into the particle size range -80 + 500 mesh.

The 2541 alloy is characterized as having a ferritic matrix with dis-
parsed YFe9 particles and alpha-prime (Fe-Cr) precipita tes. The alpha prime
grows (overages) at elevated temperature, and therefore, strength drops. If an
inert dispe rsoid is added , theoret i cally the strength could be reta i ned to
higher temperatures. This is the basis for Internationa l Nickel ’s MA 956E
(Fe-ZOCr-4.5Al-0.5T1-0.5Y 203). The oxide becomes the strengthening phase.

It is significant to note tha t oxidation resis;~~ce of FeC rA1Y is
not affected by addit ions of 1 to 4 vo lume percent oxide~’1.

Sheets of MA 956E of two thicknesses , viz  0.025 and 0.015 inch, were
obtained from internationa l Nickel. However, since thinner material is needed

-
. for a high volume load ing in a composite , some of the 0.025 inch material was -~~

further rolled at TRW. By use of a series of light reductions , we were able
to successfully reduce 0.025 sheet to 0.008 inch and maintain flatness and sur—
face integrity.

Re inforcement

The selected fiber reinforcement to be used for this program is W- l Th02
of 0.015, 0.010 and 0.005-inch diameter. This is comme rcial ly avai lable material
and may be procured from at least two vendor sources. For the current program ,
this material was procured from GTE Sylvania to standard lamp filament specifica-
tions In terms of surface condition and straightness.

Advanced Fiber Reinforcements

One of the continu i ng tasks in this work has been the eval uation , at
least on an exploratory basis , of advanced reinforcement systems which may rep-
resent Mgher temeprature capabi lities , higher specific strength , or low cost
potential.

A number of reaction-barrier-coated fibers were made available by
Dr. t qba l Ahmed of Waterv l let Arsena l , and filament/matrix interaction studies
were conducted on several of these.

6
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4.2 Test Specimen Panel Fabrication

FØriçation procedures have been discussed in detail in previous reports
(2, 3, “~ 5.~. The process consists of fibe r collimation by drum wind i ng , con-
verting the pre-a lioyed powder to sheets of specified thickness and density by
use of a fugitive plasticizer , and consolidation of assembl ed layers of fibers
and matrix cloth by inert atmosphere diffusion bond i ng . For these mate rials ,
typ ica l hot pressing parameters are l 000°-ll2O °C (1850°-2050°F) at 140-207 MPa
(20-30 ksi) for 30-90 minutes. Mol ybdenum alloy dies were used with induction
heating .

Good fiber distributions with a fairly uniform hexagona l array and no
fiber/fiber contacts were obtained by this process. Other advantages of this
process are: 1) almost any des i red matrix composition may be sel ected and 2)
no degradation of fiber properties occurs since the fabrication temperatures
are no hig her than projected use temperatures.

4.3 ODS Matrix Alloy I nvest i gation

A sample of 0.025-i nch thick MA 956E was obtained from internationa l
Nickel.

For an initial eva l uation , this was reduced to nom i nally 0.0075 inch by
chem -mili ing . A four pl y panel was assemb l ed with mats of 0.015 inch W-iThO2
wire. This was pressed in a “normal” cycle , i.e., under a clamp ing load up to
l800F, then 25 ksi applied as tempe rature was increased to 2025F, and tempera-
ture and pressure held for 45 minutes. Consolidation of the matrix was poor ,
and there was extensive fiber damage , as can be seen in Figure 2. Obviously,
the flow stress of this material is sufficiently hig h that this bond i ng cycle
is no longer applicable. A repeat of this trial yielded the same results.

Microha rdness measurements taken on the MA 956E before and after press-
ing indicate a substantial drop in hardness occurred as a result of the process-
ing cycle used (as-received hardness , 450.4 KHN; hardness after processing ,
371.1 KHN). The as-polished micr ostructure shows essentially no change (see
Figure 3), but , in the etched condition , structura l coarsen i ng is apparent.
This can be seen in Figure 4.

Another 3-ply panel was prepa red in the same manner , but the pressing
cycle was modified . Speci f ica l ly ,  the clamp load was mainta ined to the 205OF
bond i ng temperature to further soften the mat r i x  prior to appl ication of full
load to prec lude fiber damage. Also , time at temperature and pressure was in-
creased from 45 to 90 minutes. Most of this panel was fully consolidated , how-
ever , there were some residua l voids and unbonded areas (for example , see Fig-
ure 5—A). In the well—consolidated areas , fiber cracking persisted (see Figure
5-B) albeit less severe than in the prev i ous panel.

7
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To further reduce fiber damage, a FeCrAIY powder layer was introduced
between the MA 956E foils. For this tr ial , the fibers were 0.004 inch and
the MA 956E was reduced to 0.005 inch. The FeC rAIY was in the form of a 0.002
inch thick transfer tape produced commerciall y by Vitta Corporation using a
procedure developed for braze-alloy transfer tapes. The powder density is
less than 50% (bower than our standard powder cloth) and the bind er content
rather high, but , in a vacuum bake-out experiment , it was extracted leav ing
no residue.

The bond i ng cycle was the same as that for the previous pane l .. As can
be seen in Figure 6, thIs resulted in a well conso l idated pane l free from fiber
cracking , as can be seen in Figure 6-A. A very close examination at a hi gher
magnification (Figure 6-B) reveals the FeCrA IY layer between the MA 956E foils.
in the photograph, this interface is horizonta l and in line with the fiber
center line .

This was the fina l pane l prepa red in this series , and tensile shear tests
were planned . Unfortunately , the pane l was destroyed during specimen ma chining,

— and no data were obta i ned .

4.4 Effect of Varying Volume F raction

A number of conceptua l selective reinforcement concepts are based upon the
use of a variable volume fraction of wi re to minimi ze weight and cost. This task
was intended to assess whethe r this resulted in any unusual behavior. Panels were
prepared f rom monotapes , as this approach is most like l y to be used for actual
hardware .

A series of monotapes containing 20, 30, and 50v/o of 0.008 inch W-lThO2wire were prepared . From these, two sets of panels were prepared . One set con-
tained the following v/o p lies : 50, 30, 20, 20, 30, 50; the other 20, 30, 50,
50, 30 , 20.

Specimens were mach i ned into the standard elevated temperature test geometry ,
shown in  Fi gure 7. Tensile tests were performed at 2000F at a constant cross-head
speed of 0.020 inch/minute . Results we re as follows :

hiype of Construction UTS ~pproximate Elongation *

A. High yb on outside 48 ,000 psi  5.8 %
B. High yb on inside 47, 100 psi 5.2%

From this , we conclude that , for a symmetric layup, it makes no di f fe rence whether
the high volume fract ion plies are on the surface or mid p l ane.

• Creep tests were also run at 30 ksi and 2000F. These results are shown in
Figure 8. Until a temperature control problem due to a malfunctioning heater d c -
ment forced one run to be aborted , the two l ayups appear to exhibit the same creep
behavior.

* Measured by f i t t ing  broken specimen halve s back together.
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4.5 Effect of Mixed Filamen t Diameter

The choice of a fibe r diameter for FRS invo l ves a number of factors. In
terms of cost, larger diameters are least expensive . However , smaller diameters
are stronger for comparable processing schedules. Smaller fibe r diameters mean
thinner monotapes, hence more piles to achieve a g i ven thickness. This trans-
lates into higher cost. Some airfoils , or airfoil sections, are so thin that
onl y very small diameter fibers can be accommodated and still preserve a mini-
mum th i ckness of FeCrAIY on all sides of the fibers . Other large components
could readily be prepared from rather large diameter fibers .

Under a current NASA Contract (NAS 3-20390), the effect of fiber diameter
on key properties is being established . The objective of this task was to deter-
mine whether mixed fiber diameters wi thin a g i ven panel posed any problems .

The monotape approach was also used for these trials. Nominally 50v/o mono-
tapes were prepared with 0.004, 0.008, and 0.010-inch diameter W-l ThO2 fiber.
One series was prepared with the following fibe r diameter stacking sequence (in
mi ls): 10, 8, 8, 4 , 4 , 8, 8, 10; the other was : 4, 8, 8 , 10, 10, 8, 8, 4.

Specimens were machined into the geometry shown earlier in Fi gure 7 and ten-
s u e  tested at 2000F . Results are noted below.

Type of Construction UTS for Nomina l 50v/o Approx . Elongation

C. Large fibe r diá. on outside 86,900 psi 7.8%
- - D. Large fibe r dia. on inside 73,500 psi 6.8%

This appears to be a significant difference . However, the panels were not
i dentica i in thickness. The Type C panel was 0.0585 in. thick whereas the Type
D was 0.063 in. thick . This means the vol ume fractions were not i dentica l . Aver-
age volume fractions for the two types of panels , as determ i ned by fibe r count ,
were 62% and 53% for the Types C and D, respectively. When normalized to a con-
stant 62% vol ume fraction , the strength of the Type D panel becomes 86,000 psi.
Thus , we conclude that , for a symmetric l ayup, the stacking sequence in a mixed
diameter composi te makes no diffe rence, and mixing d!ameters has no adverse effect
on properties.

Creep tests were also run on these mater ials at 30 ksi and 2000F. Results
are shown in Figure 9. Again , there is no difference between the two laminate
types.

These curves are deci dedly different from those shown in Figure 8, and appear
— 

to show a cessation of creep after about 75 hours . As of this writ ing, the reason
for the difference in creep behavIor of the Types A and B versus Types C and D pan-

‘ els is unknown. The vol ume fractions of the two were quite different , however.
The Types A and B average less than 3Ovbo, whereas the Types C and D average well
over 50v/o. Both sets of creep tests were run at 30,000 psi , however. This same
unus9,~ behavior has also been observed on TFRS at 20 and 35v/o under a NASA pro-
gram’ 1 . 

-
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4.6 Effect of Ang le-Plied Construction

Much of the characterization of FRS materials to date has been performed
on 0° (unidirectionally reinforced) materials.  The objective of this task was
to eva l uate the effect of angle-p lied construction on some critical proper ties. a

4.6.1 Elevated Temperature Tensile Strength

A five-p ly, nominall y 35v/o 0.010-inch W- lT hO2 pane l was prepared wi th
the following stacking sequence : +15°, ~ 15 0 , 0, ~ l50 , +150 . The ult imate strength
was 45,200 psi at 2000F and the approximate total elongation was 4.0 percent.

These strengths are comparable to those of unidirectional compos i tes
having comparable volume loading of fibers. For example , the Types C and D corn-
pos i tes, normaliz ed to 35v/o fibe r , have strength on the order of 48,000 psi.
This observation that long i tudinal strength is degraded but l i t t l e  w i th  low-angle
cross-plying is consistent with the behavior of other metal matrix compos i tes.

4.6.2 Creep Behavior

Creep testing was performed at 30,000 psI and 2000F on nominally 35v/o
materia ls. Based upon a single data point , the +15 degree laminate exhibi ts an
accelerated creep , as compared with a unidirectional material (see Figure 10).

Simi larl y, the Larson—M iller parameter for the +15 0 materia l is sub-
stantia lly lower than val ues previously reported for 0° FRS (see Fi gure 11).

- - 

, For comparison , values for the varying volume fraction (Types A and B) panels are
also shown. The total volume fraction in these latter panels is l ower than that
covered by the reference data , and therefore , we conclude that the materials are
of equivalent qual i ty levels .

These results indicate a potential area of conce rn in designing w i th
angle-p lied FRS , and further work is needed in characterization and optimization
creep/rupture of other than unidirectional laminates.

4.6.3 Shear Strength Vs Filament Orientation

As discussed earlier , hi gh shear stresses will develop in the turbine
blade root area and it is necessary to know the limiting stresses for fiber pull-
out at temperatures representative of turbin e blade root attachments.

Preliminary tests were carried out on W-lThO2/FeCrA1Y specimens having
diffe rent fibe r distribu tions at 648° and 760°C (1200° and 1400°F). The double
notch shear specimen was used ; this provides in-plane or inter lami nar strength
data. Spec i mens hav i ng un i -axial (00) and +15° angle-ply constructions were tested .
The data are listed in Table I , and Figure 12 shows specimens after testing , illus-
trat ing the failure modes.
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TABLE I

Shear Strength Test Data on W-l%1h02/FeCrA1Y

Specimen Fiber Test Temperature Shear/Tensile Strength 
Failure

.0. Or ientation °C °F KSI Mode*—

2-9-0/I 00 648 1200 22.2 S+T
2-9—0/ 3 “ “ “ 25. 1 S
2-9-0/2 “ 760 1 400 1-4.4 S

2-7-15/1 +15° 648 1200 78 .4 T
2— 7— 15/2 “ 80.75 T
2—7-15/3 “ 760 1400 19.9 S+T

— 2-7-15 /1s 
ii 760 “ 19.0 S

* S — Shear Fai lure -:

-

‘ I - 
I — Tensile Fai lure

S+T — Mixed Failure
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TRWx~c. MA TERIALS TECSU4OLOGY

Specimens with uni-axia l (0°) fiber orientation failed in shear at
both temperatures whereas the specimens wi th  +15° reinforcement exhibited ten-
sile failures at 648°C and mostly shear failures at 760°F. Some rotation to-
wards the stress axis of stressed f ibers closest to the center notch was neces-
sary to allow failure by shear in the angle pl ied material , and there was clearly
a temperature dependent matrix strength effect. It would also be expected that
there would be a spec imen size effect part icular ly wi th the angle plied mater ial.
The data in Table I Ind i cate a 30% increase In tensile shear strength for +15°
reinforcements (for this specimen confi guration) at 760°C wh Ile at the l ower tem-
perature where fiber rotation could not occur , tensile failures occurred .

4.7 Effect of Therma l Cy cling W/FeCrAlY under Stress

In a previous program~~~, W-lT hO2/FeCrAIY spec i mens were subjected to
therma l plus mechanica l stress low-cycle fatigue testing . The results were re-
ported in the Fina l Report. To complete the story, these same specimens have been
tensile tested at room temperature to determ i ne their residua l strength.

Results are presented in Table II. For comparison , data for material
thermally cyc l ed under no load are also included. Note tha t the temperatures were
l ower in the comb i ned stress tests. The net loss in strength was comparable to that
experienced on therma l cycling at 2000F.

In this test , the +15° lam i nates exhibited no unusua l strength loss
as compared with 0° materials.

AddItionally samples were fabricated using variable V f, fiber diameter ,
and +15° orientation In the same scheme presented for the tensile and creep speci-
mens. More stringen’- testing parameters were used for the low cycle and therma l

- ; fat i gue tests. The fatigue tests were conducted in argon with a temperature cycle
of 70-2000°F, and low cycle fatigue tests also used 0-50 ksi in—phase tensile
stress cycles.

Table III  showed that therma l fati gue results were excellent for varying
fiber diameter spec i mens. After the 1 000-cycle thermal-mechanica l test , spec i mens
had not cracked or de l am i nated . Varying volume fraction tests showed no differences
between the large diameter fibers in the outer or i nner pil es , yet no conclusive
test results were obtained due to temperature control problems . Only one sample
of the +15° angIe ply spec i men was tested and it had a comparatively shorter life .
Equipment problems prevented any interpretations from bei ng drawn from these low
cycle fatigue data .

4.8 Tes t Procedures

Because of the low strength of FeCrA1Y at elevated temperatures , test-
ing of these materi als poses some prob l ems. For example , Figure 13 shows an cx-
ploded view of a grip/specimen assembly after an 1800F tensile test. An apprec i-
able amount of deformation and slippage Is evident. Nevertheless , a gage section
failure was obtained .
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One approach conm~nIy used to preclude such grip-area deformation is
to water cool the grips . To ascertain the extent of the temperature gradient
(ar) this causes and the effect , If any, on properties , twin specimens contain-
nominally IOv/o fiber were prepared and tested. Since FeCrAIY has a low shear
strength , the grip ends of these specimens were of NICrA 1Y , a hi gher shear
strength matr ix. The first was run at i 800F with no grip cooling . Thermocouples
confirmed that both grips were within 10 degrees of the l800F measured on the
gage section .

In the run with cooled grips , the gage section was again determined
to be l800F by direct thermocouple read i ng ; however, the grip temperature ranged
from 1040 to ll7OF.

Cross sectional areas of the two specimens were nearly i dentica l , as
were thicknesses. Fibe r counts confirmed that the volume fractions were the same.
However, measured tensile strengths were 72,300 and 61 ,400 psi for the cooled and
uncooled specimens , respective ly.

As Is shown in Fi gure 14 , failure occurred in the gage section in the
cooled specimen and at the shou l der in the uncooled specImen .

This experiment shows that techique can and does influence test results.

4.9 Advanced Reinforcement Material

An Initia l eval uation of hafn i um carbide-coated SIC in FeCrA1Y was per-
formed. The HfC appears to bond readil y to the FeCrA1Y and is stable , at least
through a typica l processing cycle. However, as is shown In Fi gure 15, the fiber -

‘and coating are separated by a distinct void or very porous l ayer. This is not an
isolated occurrence; every fibe r exhibits this behavior.

A similar situation was encountered with tungsten wire coated with tan-
tal um and hafn i um carbide . As can be seen in Figure 16, a crack or disbond appears
between the tanta lum and the HfC layers. Again , the HfC is intact and appears to
be well bonded to the FeCrAIY.

Resolution of this cracking problem was beyond the scope of this effort;
however , potential for a HfC coating has been demonstrated. 4

Stress rupture tests were run on 27v/o tungsten-coated 5.6 mU SI C  in
FeCrA1Y. Results are suninarized in Table IV. Spec imen AR-l2 exhibited l ocalized
me lting (approximately 14 fIbers consumed) at one corner, as is shown in Figure 17.
The Larson—Miller parameter of 51.7 is well below the extrapolated value of 59 for
30v/o W-lThOZ/FeCrA1Y but is about the same as that for OS MAR H-ZOO
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A. Gri p and Gage Section at 1800F, Failed at Shoulder

,
,

I

8. Grip at ‘~1l0OF , Gage at •i800F; Failed in Gage SectIon(Second Failure During Disassembly)

FIgure 14. TensIle Failures from l800F Tests.
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FIgure 15. HafnIum Carbide-Coated SIC In FeCrA1Y 400X

A —  SIC Fiber
B - Interaction Zone
C — H f C
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FIgure 16. Hafn ium Carbide (Over Tantalum Carb ide)-Coated W in FeCrA1Y. 400X
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B - T a C
C - H f C
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FIgure 17. Specimen AR-13-l.
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TABLE IV 
‘

Stress Rupture Data For Tungsten-Coated SiC/FeCrAiY

Stress (KSI) Temperature Rupture Life
Specimen Section Fiber (°F) Hr 

_____

AR- 12 20 75 2000 10.6 51.7
AR- l3-l 16 59 2000 11 .8 51.8
AR-l3-2 15 56 1 897 for 67.8 3.93 51.4

Hrs. then 2000

Larson—Mil ler Paramete r , 1(20 + log t
2) x

Specimen AR -13-l failed in the gage section but exhibited delamination k
through internal pl y 6 of the 8 pl ies constitut ing this panel. As is shown
i n  Figure 17, the row of fibers i mmediatel y adjacent to the delam i nation was
destroyed by reaction . it is unclea r whether this represents a pre—ex isting
defect or a consequence of the de l amination during test , although the latter
is more probable.

r - Specimen AR-13-2 was inadvertently run for 67.8 hours before an erroneous
thermocouple junction was corrected and the temperature increased from 1 897°F
to the correct 2000°F. It then ran an additional 3.83 hours befGre failure .

The tungsten coating does protect the fibers , even in the vicinity of the
overheated area (see Figure 18) . Moreover , the stress cracks in the fibers gen-
era lly do not penetrate through the coatings. While far from being an. optimized
system , this does show potential for coated SIC in FRS compos i tes.

H
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Fi gure 18. Specimen AR—l2.
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5.0 SUMMARY AND CONCLUS I ONS

The objectives of this program were to continue development and charac-
terization of W_ lThO2/FeCrA1Y composites which _are intended for application
in advanced gas turbine eng i nes. Specifically the effect of varying fiber 

I 
-

vol ume or ciiameter plus a cursory eva l uation o~ coated SiC filament in FeCrAIY H
were addressed , together wi th feas ib i l i t y  of an ODS matrix alloy . Major con-
clusions are as follows

1. Within the range stud ied (20 to 50v/o), varying volume fractions in
a symmetrica l layup yield equiva l ent mechanica l properties .

2. Within the range studied (0.004 to 0.010 inch) , varying fiber diam- - r
eters in a symmetrical layup give equivalent mechanical properties .

3. A shallow angle-ply (+15°) composite tested in a double-notch shear
confi guration tends to fal l  in a mixed-mode , i.e., tens ion p lus shear ,
at loads substant ial ly greater than the pure shear va lues for uni-
directiona l composites.

4. Based upon limited data , at 2000°F, +15° composites exhibit more
rapid creep than unidirectional compos i tes.

5. FRS composites can be produced from wrought sheet matrix materials;
however , a thin powder cushion layer between sheets is quite bene—
fIciai in eliminating fiber damage.

6. Barrier coatings of Hf C can prevent interaction betweek SIC filament
and FeCrA IY , but properties of the resultant composi tes are w e l l
below expected va l ues. An interaction zone between the fibers and
coating appears to be partiy responsible for these values . H

7. Under certain conditions , FRS exhibits an anomalous creep behavior .
This is most probably associated with residua l stresses, but should
be stud ied further.
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- 6.0 RECOMMENDAT I ONS

11

The follow i ng actions are recommended .

l. Further characterize hig h temperature behavior of angle-pl ied laminates.

1 2. Improve the fabrication procedures for an ODS matrix FRS in order to
- enhance shear strength.

3. Establ ish cost-effect ive methods for the manufacture of FRS monotapes.

1 4. Further investigate the unusua l creep behavior of certain FRS
material s.

I
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