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The performance of a coated silicon carbide/carbon composite under isothermal and
thermal fatigue conditions was investigated. The material studied is known as Ceracarb™
which consists of eight-harness satin weave Nicalon® silicon carbide cloth reinforcement, a
carbonaceous matrix, and a silicon carbide composite coating. This advanced composite is
being considered for replacing the nickel based superalloy Rene’41, as the exhaust nozzle
components on military afterburning turbine engines. Thermal fatigue experiments,
performed in the laboratory using a thermal cycling test system, were intended to roughly
simulate the thermal excursions of an afterburning exhaust nozzle. Several thermal profiles
were used to characterize the role of temperature, number of cycles, temperature range,
and time at temperature, on the room temperature residual tensile strength of the material.
The same thermal profiles were also conducted on test specimens of Rene’41 in order to
compare its durability in the laboratory simulation test set-up to the composite. Both
materials showed no loss in strength from the as-received condition following thermal
testing. However, the Rene’41 showed evidence of microstructural instability at the
maximum test temperature of 1093°C (2000°F) which did affect the toughness of the
material. While the results from this study showed that both materials retained strength
when thermally exposed in the laboratory under no loads, thermal testing under load may
provide a more realistic view of how the materials perform in the afterburning exhaust
nozzle application. © 2000 Kluwer Academic Publishers

1. Introduction A promising application for CMCs is in the af-
The need for greater efficiencies and higher thrustterburner of military turbine engines. Conditions in
to-weight ratio’s in military turbine engines drives the afterburning section of a turbine engine require
both the development of advanced materials and thenaterials which must withstand extreme temperatures
test techniques required to evaluate their behavior>1000C), as well as rapid thermal cycles, while main-
Materials that have greater strength-to-weight ratiodaining basic strength requirements [1, 4, 5, 7-11].
and can operate at significantly higher temperatureslickel-based superalloys, such as Rene’41, are typi-
will provide for significant improvements in the per- cally used for the divergent seal and flap components
formance of advanced turbine engines. Ceramic matrixvhich make-up the exhaust nozzle in military turbine
composites (CMCs) are an emerging class of materialsngines. However, seals and flaps made from Rene’41
which have shown potential for replacing currently have been shownto crack extensively under the extreme
used high-temperature nickel-based superalloys (SAg)fterburning conditions [11, 12], illustrating a need for
in certain turbine engine applications, particularly more durable materials in the application [13].

those with demanding thermal environments [1-5]. An example of the cracking experienced by the ex-
Conventional nickel-based superalloys have lowehaust nozzle components during service on a military
specific properties and can severely degrade at elevatedterburning engine is given in Fig. 1. Pictured in the
temperatures. CMCs have low densities and retaifigure are two divergent seals on either side of a di-
strength and stiffness at temperatures in excess ofergent flap. These parts are from an F110 engine that
1000°C (1800F) [1, 2, 6]. However, these materials was mounted on a F16 Fighter. Extensive cracking in
are not as well understood as their metal predecessorthese components, such as shown in the figure, cause
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Figure 1 A photograph of a GE-F110-100 exhaust nozzle divergent flap and two divergent seals that have been removed from service due to severe
cracking. The Rene’'41 components suffer from extensive creep deformation and cracking due to the environment.

expensive parts replacement, excessive vehicle dowrigh density of cracks that result from processing or
time, and significant labor efforts. loading which can also allow ingress of oxygen. Long-
Cracking inthe metal seals and flaps are a result of theerm exposure of resin based inhibited matrix materials
severe thermal environment. During operation, stressest what are considered intermediate temperatures (600
develop as a result of pressure differentials, thermalo 900°C) [18, 19, 21] can also allow for oxidation
gradients, and physical constraints on the componentingress. In this temperature range glassy phases relied
These stresses in combination with a steep loss in tensilgon for oxidation protection have a high viscosity and
strength and lowered creep resistance at temperaturésave the material susceptible to embrittlement due to
above 700 [9, 10, 14-16], allows for the damage to oxidation.
occur. An approach to enhance the oxidation resistance of
Despite their potential, the use of CMCs in aerospac€€MCs is the use of external composite coatings. These
applications may be limited by their long-term oxida- coatings are usually comprised of traditional materials
tion resistance. Fibers used in many structural CMCssuch as silicon carbide and can be applied by several
suchassilicon carbide, can degrade during extended usechniques. However, there is usually a large difference
above 1000C in oxygen containing environments [2, 6, in the coefficient of thermal expansion (CTE) between
7,10, 17]. Typical fiber coatings and fiber/matrix inter- the substrate and the exterior coating material. Crack-
phase materials such as carbon and boron nitride, chaag and spallation of the coating will occur if the ther-
sen for their crack deflection capability, are susceptiblenal expansion mismatch is large, leaving inadequate
to oxidation at even lower temperatures [2, 6, 18—20]protection for the substrate. Since CMCs will see both
The surrounding matrix material in many compositeshigh temperatures and rapid thermal fluctuations when
can contain constituents that are oxygen sensitive attilized as exhaust nozzle and other hot section com-
elevated temperatures as well. Selective oxidation oponents, CTE mismatch with the coating material is a
the matrix can leave voids that can allow for further major concern.
environmental attack of the underlying fibers. In some One particular CMC, namely silicon carbide fiber-
cases, matrix materials contain open porosity and/or eeinforced carbon (SiC/C), has shown excellent
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“CeracarBM”). Continuous nanocrystalline ceramic
grade NICALONP silicon carbide fiber reinforces the
composite. These fibers are woven in a balanced 8-
harness satin weave cloth. The cloth is stacked in a
0/90 sequence, for a total of twelve plies. This compos-
ite architecture is the same as the one considered for use
in exhaust nozzle application. The matrix is primarily
resin based inhibited pyrolitic carbon and a filler. Af-
ter the pyrolysis process, there is extensive shrinkage
as the resin is converted to carbon. Therefore, the com-
posite is further densified by chemical vapor infiltration
(CVI) of additional carbon. The bulk density of the test

AL / Lx10° 3

) U U T T PR S ] material was measured to be 2.12 g/cc, and the fiber
0 200 400 600 800 1000 volume fraction was measured to be 3&8.2%.
Temperature (°C) This material utilizes a multi-layered protection

scheme. Parts of the inhibited matrix form a protective
glassy phase when exposed to oxygen at temperatures
in excess of 800C (1472F) [22, 23]. In addition, the
entire composite structure is coated with an exterior

strength and durability at elevated temperatures [2, gPrOtective coating and a seal coating. The underlying
22, 23]. Due to its carbon matrix, this material relies €Xterior coating layer is silicon carbide (Chromalloy
heavily on an exterior silicon carbide coating to prevent?142)- The material is applied by chemical vapor de-
oxidation at elevated temperatures. The high temperd0Sition (CVD) to the substrate and provides protection
ture durability of SiC/C is attributed to the relatively low UP 10 1371C (2500F) [22]. AM185A glaze coating is
CTE mismatch between the composite and the exteridi €N applied over the silicon carbide. The glaze coating
coating. Fig. 2 shows a plot presented by S. C. Schwart?@S arelatively low melting temperature and acts to seal
et al. [22] that compares the thermal strain obtained af"@cks in the preliminary coating.

different temperatures up to 10@for both C/C and Al of %Ee major components which make up the
SIC/C relative to SiC, Si, and i, coating materials. Ceracarb™ material can be viewed in Fig. 3. A typ-

The figure shows that the thermal strain experienced p{Fal transverse cross section of the as-received illus-
SiC/C is closer to the thermal strain measured for therates the Oand 90 fibers, the matrix, the dual exterior

coating materials then that experienced by C/C. coating systems, and the matrix cracks that develop
Due to the attractive qualities and potential end-useduring processing (Fig. 3a). At higher magnification,
it was the intent of this study to evaluate the high tem-IN€ Various constituents which make-up the matrix in
perature performance of a coated SiC/C material with€ CeracarB’ can be seen (Fig. 3b). There is a the
respect to the requirements for a military afterburning'arge fraction of filler materials within the pyrolyzed

turbine engine exhaust nozzle application and to comcarbon matrix which are responsible for the protective

pare the results to the baseline exhaust nozzle conflassy phase formation at temperature [22, 23]. Some-
ponent material, Rene'41. Laboratory tests were perlees layers of carl_)on aroqnd fibers and around shrink-
formed on both SiC/C and on Rene’41 using a thermaft9€ cracks are evident (Fig. 3b). These carbon layers
cycling system comprised of a tube furnace with a com &€ formed during 'the densification of the composite
puter controlled pneumatic actuator to roughly simulatéNrough CVI of additional carbon. o

the thermal excursions of an exhaust nozzle on an af- | "€ nickel based superalloy tested, Rene’41, is the
terburning turbine engine. Variations of the thermal fa-Material currently used for exhaust nozzle seals and
tigue tests were performed to address the role of th&laps in several engine families. Test m_aterlal f_or this
maximum temperature, the range of temperature varizstudy was cold rolled to the same approximate thickness
tion, the number of cycles, and the time at temperatur@S Used for the exhaust components. The alloy compo-
on the durability of the materials. The thermally testedSition was primarily nickel with the balance being as
specimens were evaluated through comparison of thehown in Table I. Nominal values for the composition

room temperature residual strengths against as-receivéj€ Shown in percent by weight. Material processing in-
material in each case. cluded a solutionization at 1080 (1975F) followed

by water quenching. The resultant microstructure can
be described as having an ASTM grain size of 7 to 8
2. Material and uniformly dispersed_ carbid.es. Fig. 4 shows a mi-

) crograph of the as-received microstructure. The bulk

2.1. General description . . :
Two different materials were tested in this study: a ce-denSIty of the test material was approximately 8.2 g/cc

ramic matrix composite and a nickel based superalgo'286 Ib/ir?).

loy. The CMC material tested is a coated silicon car-

bide fiber-reinforced carbon (SiC/C) manufactured by

the former Hitco Technologies under the trade-2.2. Specimen geometry

mark name Ceracal SC537EH. (For all fur- Ceracarb test specimens received for this study were
ther discussion, the material will be referred to as152 mm long dogbone specimens. The dimensions of

Figure 2 A comparison of the thermal strains measured for SiC/C and
C/C relative to several coating materials: SiC, Si, angNg{[22].
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TABLE | The manufacturers composition (wt%) of the Rene’41 tested

Cr Co Mo Ti Fe Al C Mn Si Cu Zr B S
19.18 10.43 9.40 3.23 2.42 1.56 0.088 0.06 0.04 0.04 0.037 0.006 .002
Chromalloy

M185A Glaze coating RT42 Coating

0° fiber tow =

Figure 4 SEM micrograph taken at 260which shows the general mi-
100 um crostructure of the nickel-based superalloy Rene’41 in the as-received
_ condition: solutionized at 108C€ (1975F), water quenched, and cold

rolled. The specimen was prepared using a chromate electropolish.
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Zflsgznsug;fugzgegal ::l_:_;rg Cs)t?:émeo?; ?:;i‘;gf;sgf:;m:fﬁzglﬁon Figure 5 Schematics of the CeracdM test specimens: (a) the original
Y 9 - 9 dogbone test specimen geometry utilized for all of the thermal testing, (b)

optical micrograph which illustrates thé @nd 90 fibers, the matrix, . : ) .
. ; - the straight-sided test specimen geometry machined from the dogbone
the dual exterior coating systems, and the matrix cracks that can develo ) .
. . . - . . pecimen used for all of the room temperature tension tests, and (c)
during processing, and (b) high magnification optical micrograph de-

S ‘ ) . ; . . the straight-sided test specimen with the ends tabbed according to the
picting individual fibers, filler particles in the carbon matrix, a shrinkage ) . ;
- technique for face-loaded ceramic composites [24].
crack, and layers of the CVI pyrolitic carbon.

the dogbone specimens are shown in Fig. 5a. This gegine tested components would be obtained, machined
ometry was used for thermal testing in order to uti-into straight-sided coupons, and then tested for resid-
lize the material's as-fabricated coating system. Fol-ual strength for comparison. These straight-sided ma-
lowing thermal treatment, the dogbone test specimenshined test specimens would only have the exterior
were machined into 88 mm by 8 mm straight sidedcoating on the top and bottom surfaces which would
coupons for room temperature residual strength testingllow for a direct one-to-one comparison to test spec-
(Fig. 5b). The straight-sided geometry was preferredmens machined from engine tested hardware. In ad-
over the dogbone geometry for residual strength testdition, the length machined off of the dogbone speci-
ing. Additional work was planned in which actual en- mens eliminated the material which was gripped during
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pre-conditioning fatigue. Pre-conditioning fatigue test- 100 e

ing is discussed in the Experimental Procedure sectior I .
As-received tensile tests performed on the g0 | o =125MPa
Ceracarb" material were conducted on test specimens I R=0.05

with the same straight-sided geometry as describerg

above. Both the as-received and residual strength tefs

specimens were prepared by tabbing each end witl%]

fiberglass tabs according to the technique for face-%

loaded ceramic composites [24] before testing. Fig. 5¢E

provides a schematic illustration of a straight-sided =

tensile specimen with tabs. 20 [ i
All of the tests conducted on Rene’4l were per-

formed using a dogbone test specimen geometry. Tes

specimens were machined from the rolled sheet by '1’0 — 10‘1 — 10'2 — "“1‘("‘3 E—r

electro-discharge machining (EDM), and the edges Cycles

were polished. The specimen dimensions are shown in

Fig. 6. As-received and thermally tested material wadrigure 8 Plot of modulus versus cycles for Ceracdfttest specimens

; ; . ; pre-conditioned in fatigue at room temperature. The difference in mod-
tension tested in the Orlgma”y machined dogbone geulus was 14 MPa on the first cycle and decreased to within 5 MPa after

ometry. 1000 cycles.

3. Experimental procedure fatigue. Several thermal profiles were used to charac-

Evaluation of the Ceracal¥ and the Rene’4l was _° . , .

. terize therole of time at temperature, cycle count, maxi-
based on a comparison of the room temperature tenrhumtem erature. and/arT on the room temperature
sile strengths obtained from thermally treated mate_residual sl?tren th 'of the materials. In the cgse of the
rial against as-received material. The flow chart in 9 ’

" : . ,
Fig. 7 provides a pictorial overview of the testing CeracarbV material, all of the test specimens were first

scheme. Test specimens of Cerad¥rand Rene'41 pre-conditioned using mechanical fatigue testing be-
- SP . . ... fore undergoing thermal treatment. A number of these

were first tension tested in the as-received Cond'tlonmechanicall fatiqued test specimens were set aside
to provide baseline strengths for each material. Other . y talig P .
without subsequent thermal treatment to be residual

test specimens from both materials were then sub-,[ren th tested for comparison purposes. The Rene'd1
jected to either isothermal heat treatment or thermal. o9 ! P purp '

material, which was not pre-conditioned, saw only the
most extreme isothermal exposure and thermal fatigue

conditions. The thermally treated specimens from both

o0 —»| - materials were then tested for residual strength and

R=507" i compared against the re_spective as-received material.

8+.0 00 oty 50 CeracarhM test specimens that were therm_ally
4 treated were first subjected to mechanical fatigue,

€ L AL ¥ which are referred to as pre-conditioning fatigue in

the following. The pre-conditioning fatigue was per-
formed in an attempt to normalize the condition of
each test specimen by increasing the density of matrix
Figure 6 Schematic of the Rene’41 doghone test specimen geometncracks and to promote the effects of oxidation by intro-
utilized for all testing. ducing cracks in the exterior coating. These tests were
run at room temperature on as-received material in the
dogbone specimen geometry using an NMT8rizon-

tal servo-hydraulic test machine with rigid hydraulic
clamping grips. Test specimens were fatigued at a max-

.
>
| 76.0 :

CMC
Ceracarb™
SiC/C

Nickel-based
Superalloy
Rene’41

— S imum stress of 125 MPa} for 1000 cycles at room tem-
Specimens Specimens perature with a load ratio of 0.05 and a frequency of
1 Hz. A stress of 125 MPa was selected as it is above
the proportional limit of the Ceracal¥ material [4,
Isthorl T sothorml | | Thormal 5, 22, 23]. The effects of pre-conditioning fatigue are

illustrated by the modulus vs. cycle plot in Fig. 8. The
plot shows that the largest variation in modulus from
specimen to specimen is greater than 10 GPa on the first
cycle. After the first cycle, the moduli values drop con-
siderably and then appear to remain fairly constant for
the last few hundred cycles. On the last cycle, the scat-
( Tension Test ) ter in the moduli from specimen to specimen is within

I
1093°C

Figure 7 Pictorial overview of the testing scheme for both the
Ceracarb“ material and the Rene’41. T MTS is a trademark of MTS Systems Corporation, Minneapolis, MN.
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5 GPa. The initial drop in modulus is representative of
anincrease in the matrix crack density. The consistenc CAUTION
in the moduli from specimen to specimen near the las
cycle may illustrate that a saturation level of matrix
cracking for the given stress has been achieved.

Following pre-conditioning fatigue, some of the
Ceracarb test specimens were heat treated and other
were thermally fatigued. Heat treatment was performed
at 1093C using a box furnace. The furnace tempera-g
ture used was comparable to the maximum temperatu
experienced by components in the afterburning sectio
of an engine during afterburner ignition at maximum
power [1, 3, 7-10]. A number of the CeracHfbtest
specimens were exposed to temperature for ten hout
while others were exposed for thirty hours to charac-
terize the role of time at temperature on the residua
strength. The Rene’41 specimens were exposed to th
more severe condition of 1093 for thirty hours.

The thermal fatigue tests were performed using are;
sistance heated tube furnace with a computer controlle!
in-line pneumatic actuator to insert and retract test
specimens from the furnace hot zone. A photograph o
the thermal fatigue test system used is given in Fig. 9a
The test specimens were attached to an alumina ro
which extended from the pneumatic cylinder ram.

HOT
SURFACE

Wire ties were used to attach the test specimens to the @) Dodb
alumina rod, but were only used in the tab section of Wire ties ng'a;a':ﬁm
each sample. Fig. 9b provides an illustration of the oo o o] pocimen
CeracarbV specimen test set-up. The Rene’41 test | — ' L S — '
specimens required additional wire ties as well as ar ®
extra support rod, as shown in Fig. 9c. Additional wire =" ot Pruematic evlinder ram Thermocouple  Bogbene
ties and support were needed as the wire would cree / Specimen
at temperature under the weight of the SA metal. fo o m== —

The end of an S-type thermocouple, housed in a thir  aqgitionat alumina rod support (© Wire ties

alumina tube, was placed near the middle of each test _ _

specimen for temperature measurement. The thermt’fﬁﬁfetﬁ ”'“Stlfa“ﬂr‘s Otf “le thffma' fa‘('jgus oSt serup @) th‘ig:_aph f
couple output was used to position the test specimef}f \® thermal cycling test system used, (b) schematic representation o

. . he CeracarB" test specimen set-up showing the limited number of wire

in and out of the fl.-lmace a}ccordlng to the Programmedies ysed, and (c) schematic representation of the Rene’41 test specimen
temperature profile. A single thermal fatigue cycle set-up showing the extra wire ties and the additional rod for support.

involved inserting the test specimen into the furnace,

holding it there until it reapheq the programmed test machine mounted with wedge grips and serrated
temperature, an_d_then retracting it from the_z furnace. Agrip inserts. A photograph of the testing apparatus
small fan W?,ls ut|I|z_ed to speed up the cooling rate.  gescribed above is shown in Fig. 10. Tension tests

Ceracarb specimens were cycled between a MiN“\ere performed on both materials in the as-received,

imum temperature of 42T (800F) and a maxi- o - ;
. pre- conditioned, and thermally treated conditions with
mum temperaure of either 1093 (2000F) or 600C this set-up. All tests were run at room temperature and

(1112F) in order to characterize the role of maximum  wo o constant testing rate of 0.05 mmy/s. A clip-gage

temperature and T on the residual strength. The ini- extensometer was used for strain measurement.
tial thermal cycle range was between 427 and 2093

which was to simulate afterburner ignition. Several test

specimens were thermally fatigued for 1500 cycles#4- Results

simulating 1500 afterburner lights. Other test speci-4.1. Ceracarb™ (SiC/C)

mens were thermally fatigued for three times the num-As-received tensile properties as well as residual

ber of cycles (4500 cycles) to look at the effects of cyclestrength results for the Ceracatbmaterial tested are

count on residual strength. A third set of Cerac¥rb presented in Table Il. The as-received tensile behavior

specimens were thermally cycled between intermediis depicted by the stress-strain curves shown in Fig. 11.

ate temperatures, 427 and 600for 4500 cycles. The The average strength, modulus, and strain at failure for

Rene’41 material was subjected to thermal fatigue onlythe as-received material was found to be approximately

underthe most severe conditions, betweentemperaturd85 MPa, 76 GPa, and 0.36%, respectively. Each curve

of 427 and 1093C for 4500 cycles. in the figure shows a non-linear stress strain response
Tension tests on both Cerac&band Rene’41 ma- from the onset of loading which is associated with

terials were performed using a vertical servo-hydraulionatrix cracking and interfacial debonding. At a point
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-
= "/ Hydraulic Wedge Grip

Figure 10 Photograph of the testing apparatus used for all tensile testing. Also shown is a tabbed C¥rasirtpecimen mounted with a clip-gage

extensometer.

TABLE Il Tensile results from as-received and thermally treated

Ceracarb™ material

CeracartV
UTS Modulus Strain
Specimen#/test type (MPa) (GPa) @ fail (%)
As-received
94-375 194 76 0.35
94-376 171 83 0.33
94-394 194 68 0.40
94-395 182 — —
Pre-fatigue
94-363 185 60 0.33
94-394B 206 62 0.38
94-362 162 65 0.40
Isothermal-10 hrs
94-380 193 60 0.35
94-381 194 58 0.37
94-382 189 58 0.35
Thermal fatigue
(Tmax= 1093 C, N=1500)
94-383 195 57 —
94-384 189 59 0.37
94-385 195 55 0.39
Isothermal—30 hrs
94-387 222 60 0.42
94-388 200 60 0.35
Thermal fatigue
(Tmax= 1093 C, N=4500)
94-371 205 51 0.44
94-372 183 61 0.31
Thermal fatigue
(Tmax=600 C, N=4500)
94-352 177 59 0.37
94-365 179 58 0.39

20 m————————7
As-Received
L T =23°C O yrs 186 MPa
200 | Rate=0.05mm/s o
=150 | .
:
n
3100 + ]
= L
-
& L
50 [ ]
E0-76GPa
0 Y 1 " n L 1 n PR n 1 I 1 1 1 1 1 n P | Y L "
0.0 0.1 0.2 0.3 0.4 0.5
Strain (%)

Figure 11 Stress vs. strain traces for as-received Cerdthtbsted at
room temperature.

ite had become sufficiently damaged to cause the load
to transfer to the fibers.

The stress-strain curves for the Cerac¥rtest spec-
imens that first underwent pre-conditioning fatigue and
were subsequently tension tested are plotted in Fig. 12.
These tests were performed to determine if the me-
chanical fatigue had an influence on the strength of
the material. The average strength and modulus for the
three specimens tested were approximately 184 MPa
and 63 GPa, respectively. A comparison of the as-
received strength and that following pre-conditioning
fatigue shows that the mechanical fatigue cycles had

above approximately 0.1% strain (about 100 MPa) inno effect on the strength of the composite. There is an
each curve, the stress-strain response becomes appr@ffect from the pre-conditioning fatigue on the modu-
imately linear with a lower tangential modulus. This lus and the overall shape of the stress-strain response.
suggests that above 100 MPa the matrix of the composFhe average modulus for the pre-fatigued material was
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Figure 12 Stress vs. strain traces for Ceradatbmaterial which had
been previously pre-fatigued under tension-tension cyclic loading to
maximum stress of 125 MPa for 1000 cycles. 1093C.

Strain (%)

Figure 13 Representative stress vs. strain traces for Cerd¥anbate-
rial which had been pre-fatigued and heat treated for 10 to 30 hours at

250 ———

approximately 9 GPa lower than for the as-receivec
material. This result was consistent with the difference

in modulus measured during the pre-conditioning fa- 200

Oy = 193 MPa (N=1500)
Oyrs = 194 MPa (N=4500) P

T =23C ]
Rate = 0.05 mm/s |

tigue tests between cycle one and cycle 1000 shown i __ O;1¢ * 178 MPa (Tmax=600°C) <

Fig. 8. The stress-strain curves for the pre-conditione(@ oy L7
specimens show linear behavior from the onset of load=. i
ing to a point above the pre-conditioning stress leve
of 125 MPa, whereas the as-received material showeg
non-linear behavior. The change in the stress-strain re®?
sponse is explained by the increase in the amount ¢
matrix cracking induced by the fatigue testing.

The test specimens which were heat treated for ei 1
ther ten or thirty hours showed no loss in strength com o ]
pared to the as-received material. Average strength ar 0.0 0.1 Cs . i 0.4 0.5
modulus measured for the specimens exposed for te. Stialn(o)
hours were 192 MPa and 59 GPa, respectively. The a\4—'|gure 14 Representative stress vs. strain traces for Ceri¥anmte-
erage strength of the material exposed for thirty hourSial which had been pre-fatigued and subsequently thermally fatigued
was 211 MPa and the average modulus was 57 GPé&gtween 427C and 1093C for 1500 cycles and 4500 cycles and also
Fromthese data, it appears that neither of the isotherm&pm 427C to 600C for 4500 cycles.
exposure conditions were detrimental to the retained
strength. The drop in modulus observed for both heat
treat conditions compared to as-received material wasurves generated from specimens tested under the vari-
similar to that seen in the non-exposed pre-conditionedus thermal fatigue conditions are shown in Fig. 14. The
material. The stress-strain behavior of material heastress-strain response was found to be similar to that ob-
treated for either 10 hours or 30 hoursis nearly identicalserved for the pre-conditioned and the heat treated test
although the strength of the material heat treated for 3@pecimens.
hours is slightly higher. A representative stress-strain Data obtained from the laboratory tested Ceratérb
curve from both the exposures can be found in Fig. 13specimens suggests that the CMC material suffers no
The stress-strain behavior is the same as described ftwss in strength from the as-received condition, even
the pre-conditioned material, the response s linear fronafter being subjected to extreme thermal conditions.
the onset of loading, up to the pre-conditioning fatigueThis observation is exemplified in the bar chart shown
stress level of 125 MPa. in Fig. 15. In the figure the dots represent the mean

The average residual strength of the specimens testa@lue of tensile strength for each test condition. In all
under thermal fatigue conditions between 227and cases, except for the material heat treated for 30 hours
1093 C for 1500 cycles and those tested for 4500 cy-at 1093C and that thermally fatigued between 4¢7
cles in the same temperature range also showed no loasd 600 C, the mean strength values are approximately
in strength compared to the as-received material. Thequal to the as-received tensile strength.
average strengths measured for the two conditions were It appears from Fig. 15 that the 30 hour heat treat-
193 MPa and 194 MPa, respectively. Test specimenment may have caused an increase in strength. Al-
thermally fatigued between 42Z and 600C for 4500 though no mechanism for the observed increase in
cycles had a slightly lower retained strength than thestrength after the longer heat treatment can be given
as-received material at 178 MPa. Representative tensilat this time, the phenomenon of increased strength at

100 — 4 —
Thermal Fatigue

- : — 427-1093°C;N=1500 .
or — — 427-1093°C;N=4500 -
[ - - - - 427-600°C;N=4500 i
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Figure 15 Bar chart comparing the ultimate tensile strengths measuredzsgss
for the CeracarB” material at each test condition. Shown from leftto |
right are data from as-received, pre-fatigued, heat treated at T603

10 hours, thermally fatigued between 427 and T0R8 1500 cycles,

heat treated at 1098 for 30 hours, thermally fatigued between 427 and =
1093 C for 4500 cycles, and thermally fatigued materials between 427 &
and 600C for 4500 cycles, respectively. The dots represent the averaggies
strength.

high temperature has been demonstrated for variouf,
CMCsinthe past. Lara-Curza al. [25] present fatigue
data for a polymer-derived CMC with woven Nicafdn 7
fibers where the peak stress on the first cycle was greate
at 982C and 1204C than it was for 25C. However, -
in this case the strength increase was noted during test- (b)
ing ?‘t temperature and does not necessarily pertam. tlggure 16 Micrograph of Ceraca} material which had been pre-
retained strength at room tempera_lture. Recem teStInigtigued and thernally fatigued: a) view at 20() view at 500<. No mi-
by Leeet al. [26] has shown that a fiber-reinforced 0X- crostructural differences were identified when comparing to as-received
ide/oxide CMC tested in fatigue at 11@for 100,000  material (Fig. 3a and b).
cycles at 150 MPa exhibited retained strength at room
temperature that was 24% higher than the as-receivekth addition, microscopic inspection also confirmed that
room temperature strength. In this case the change ithere were no notable differences in the microstructures
the residual stress state was attributed to a decreaséfithe pre-conditioned and the thermally tested mate-
number of stress concentration sites within the com+#ial compared to the as-received material. Representa-
posite due to the fatigue cycling and no mechanisntive micrographs of the pre-conditioned and thermally
relating to the temperature was speculated. tested material are shownin Fig. 16. Refer to Fig. 3a and
The test specimens thermally fatigued betweerb for comparison micrographs of as-received material.
427C and 600C were expected to show a loss in  This evidence may imply that when there is no ap-
strength as a result of intermediate temperature embriplied stress during the thermal exposure to open matrix
tlement. In this temperature range, the sealant materiracks and thus to allow for oxidation ingress at the el-
als do not readily flow and seal cracks to guard againsgvated and intermediate temperatures, the effect is not
oxidation [18, 19, 21]. These conditions were deemedas pronounced. It may also show that the self-sealing
important to study as the exhaust components are exnechanism created by constituents in the matrix mate-
posed to these intermediate temperatures for a largéal may be extremely effective, even when the exterior
percentage of operation time. The average strength fafomposite coating is cracked, at the elevated tempera-
those specimens tested to 600vas the lowest of any tures.
of the conditions tested in this study, but the difference
in behavior compared to the as-received material does
not appear to be significant. 4.2. Nickel-based superalloy-Rene’41
The results which show that there was essentially ndensile properties obtained for the Rene’'41 specimens
loss in strength due to pre-conditioning fatigue testingtested are presented in Table Ill. The strength of the
alone or with subsequent thermal testing suggests thabaterial in the as-received condition was 979 MPa.
no significant damage was incurred to the fibersin eithelhe modulus and strain to failure for the as-received
case. Most fiber-dominated composite materials shownaterial were 176 GPa and 64.0%, respectively. After
a change in strength as a result of a significant numbedrpeing heat treated at 1093 for 30 hours, the average
of fibers damaged by mechanical or oxidative condi-room temperature strength and modulus of the mate-
tions. However, no significant changes in strength wereial increased while the strain to failure significantly
measured in the material under the conditions testedlecreased. The values pertaining to the respective
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TABLE Ill Tensile results from as-received and thermally treated ¥
material

Rene’41
UTS Modulus Strain @ fail
Specimen#/test type (MPa) (GPa) (%)
As-received
97-A01 977 188 67.82
97-Al10 963 171 66.88
97-A18 996 168 58.20
Isothermal-30 hrs
97-999 1212 208 29.01
97-Al12 1210 207 26.03
97-A23 1223 193 25.21

Thermal fatigue
(Tmax= 1093 C, N=4500)

97-992 (warped) 982 191 24.17 Figure 18 SEM micrograph taken at 160which shows the microstruc-
97-993 1034 209 23.16 ture of the nickel-based superalloy Rene'41 after heat treatment for
97-A16 1077 209 33.16 30 hours at 109%C. The specimen was prepared using a chromate elec-
97-A21 1052 202 33.23 tropolish.
1400 T T T ] of microstructural changes. The extended time at tem-
C o urs - 1215 MPa (HT 30hrs) ] perature most Iike_Iy dissolved all of the, dis_solved
1200 [ ] some of the carbides, and allowed for grain growth
1000 | curs - 1054 MPa (TF N=4500) ] [14, 16]. After heat treatment, the samples were air
] cooled. The air cooling allows for fine gamma prime
S s00 ours -979MPa (AR) . formation which accounts 1_‘or the increase in strength
=) v ] and the decrease in ductility. Refer to Figs 4 and 18
® 600 ] for micrographs of the Rene’4l material in the as-
o ] received and the heat treated condition, respectively.
& 400 - These micrographs illustrate some of the microstruc-
- tural changes observed. The general content of the inter-
. T=23°C ] ; i i ;
200 | Rate=0.05 mmis and intragranular carbides seems to have rer_named un
X 1 changed. However, the average ASTM grain size in
= 2'0 4'0 6‘0 s the as-received material was in the 7 to 8 range, while
Strain (%) the ASTM grain size after heat treatment was approxi-
mately 3.

Figure 17 Representative stress vs. strain traces for Rene’41 in the as- The thermal fatigue tests produce an effect similar
received, heat treated, and thermal fatigued condition, respectively.  to the heat treatment, only less time was spent at max-
imum temperature. In conducting the thermal cycling,
properties following heat treatment were 1215 MPathe Rene'4l was cycled above and below the solu-
203 GPa, and 26.8%. The average strength, modulusipn heat treat temperature. It is suggested that some
and strain to failure for the specimens that were therof the gamma prime should dissolve back into solid
mally fatigued were measured to be 1054 MPa, 20&olution, and then precipitate into fine particles upon
GPa, and 29.9%, respectively. cooling. This would produce a dual structure of fine
A representative stress-strain curve from each of thand blocky gamma prime which would act to increase
test conditions is shown in Fig. 17. The plot illus- strength and decrease the strain to failure compared to
trates the differences in the properties described abovéhe as-received material.
demonstrating that the behavior of the Rene’41 is de- Isothermal exposure as well as thermal fatigue at
pendent on the thermal test conditions. The as-receiveti093 C also allowed for another change in the Rene’41
material showed the lowest ultimate strength, the lowesstructure, the formation of an oxide layer on the outer
yield strength and the largest amount of strain to fail-surface. Fig. 19 shows a micrograph of the cross section
ure. The curvesrepresentative of the thermal fatigue andear the exposed surface of a Rene’41 sample that had
heat treated condition both showed higher yield and ulbeen heat treated for 30 hours at 1090A region of
timate tensile strengths and lower strains to failure comintergranular attack was observed below the surface ox-
pared to the as-received material. Although the shape afle layer. A needle-like phase was also observed in the
the curves for the two treated materials were similar, theegion below the oxide. Many nickel-based superalloys
heat treated material showed higher ultimate strengthare sensitive to intergranular oxidation during extended
The differences in behavior between the as-receivetime at or above the solutionizing temperature.
and thermally treated materials as shown in Fig. 17 il- All of these thermally induced changes observed re-
lustrates that this alloy is not thermally stable for longduce ductility and promote cracking. The changesinthe
or multiple exposures at 1093. This temperature is microstructure would presumably have a pronounced
slightly above the original solution heat treatment foreffect under the thermal conditions in the afterburner
the as-received material and thus allowed for a numbesection of the exhaust nozzle.
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Figure 19 SEM micrograph taken at 750which illustrates some of 0 200 400 600 800 1000 1200
the microstructural changes observed after heat treatment: the oxic Temperature (C) ;
layer formation on the surface, the region of intergranular attack and
the needle-like phases below the surface oxide layer. Figure 21 Plot of the ultimate tensile strength (UTS) and specific
strength as a function of temperature for both Cerald4dnd Rene’41.
2.0 ¢ . Rene’41 data between 600 and 9Care found in reference [15].

B Nicalon/C

‘E‘ 18 Rene 41
S 16 ] wasgreater th_a_t the mean stre_ngth measured for the as-
° E received condition. The same is true for the normalized
a 14 1  modulus. The strain at failure, however, showed a sig-
T 12k nificant decrease of approximately 60% from the as-
-GZ, 0 E received condition. Thus, the material suffered a large
S drop in toughness, which was also illustrated in the
x 03 stress-strain curves shown for each condition in Fig. 17.
2 06 It is this loss in ductility can contribute to cracking of
> o4 [ this material when it is used in turbine engine exhaust
E 3 nozzle applications.
oy 0.2 ¢ From this laboratory comparison of properties fol-
a 0.0 lowing heat treatment and thermal fatigue, it appears
tomeat Treated Thermal Fatigue that both the Ceracal¥ composite and the Rene’41
4500 Cycles retain sufficient strength for exhaust nozzle applica-

tions. However, performance under load at tempera-
Figure 20 The residua_l strength data.after heat treatment and thermature, which is more typical of real application, sepa-
f/agl'ggs;%Le;g?tgﬁfrrfms;gg;ma"md by the respective as-recelveflrag the two materials. The basic tensile properties of
' CeracarbV at 23, 1000, and 110C were determined
inan earlier investigation [4, 5]. In order to provide a di-
4.3. Discussion rect comparison between the CMC and the nickel-base
The durability of the Ceracafd material was superalloy, tension tests at these temperatures were also
compared to the current exhaust nozzle component mgenerated on Rene’41 samples.
terial, Rene’41. The residual strength data after heat The results of the tension tests are shown in Fig. 21.
treatment and thermal fatigue for each material wererhis figure shows the strengths and the specific
normalized by the respective as-received values anstrengths of both materials in terms of test temperature.
plotted in Fig. 20. The Ceracad material suffered It should be noted that the trace for the Rene’41 mate-
no loss in strength from the as-received condition, butial also contains data from reference [15] for strength
did see adecrease in modulus. The decrease in modulastemperatures between 600 and “¥D0OAt room tem-
was discussed earlier and was attributed to the increasgurature, the Rene’41 was almost five times stronger
density of matrix cracks imparted by the mechanicatthen the Ceracafty material. However, at 100C they
pre-conditioning fatigue and not due to the heat treatwere approximately equally as strong. At temperatures
ment or the thermal cycles. Strain to failure for the CMCabove 1000C, Ceracarb" was substantially stronger.
was slightly larger than unity, indicating that the mate-If one looks at the normalized data, the two materi-
rial experienced aslightincrease intoughness as aresuts are nearly identical up to 680, after which the
of the thermal conditioning. No significant change in Ceracarb™ material is significantly superior to the
tensile properties from the isothermal exposure or fronrRene’41. At 1100C the strength of the Ceracath
the thermal fatigue suggests that the Ceral4nma-  material is approximately three times greater than the
terial does not degrade under the time at temperaturBene’41.
conditions nor the thermal fatigue conditions tested in
this study.
The data obtained from the Rene’41 material showed®. Conclusions
that the material undergoes significant changes due tBesults from this study illustrated that the Cerac¥rb
the conditions tested. The mean retained strength foEMC retained its as-processed strength after mechani-
both the heat treated and the thermally fatigued Rene’4gal and thermal testing in the laboratory. When exposed
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to the same test conditions, Rene’41 also showed noo.

loss in strength but was shown to sacrifice toughness af-
ter the thermal exposure. The Cerac#timaterial did 11
not undergo any detrimental changes in microstructur

illustrating the effectiveness of the material’s coatingia.

system. The Rene’41, on the other hand, showed mi-

crostructural instability at the test temperatures causing®-

the change in properties. Since testing was done to iso-
late only effects of prior mechanical loading, isother- ¢
mal, and thermal fatigue conditions without being un-

der load, both the CMC and the superalloy appeared to

retain desirable properties. However, testing conditiong’-

under loads similar to those experienced in application
might exemplify the benefits of the thermal stability of
the CeracarB”" over Rene’41.
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