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ABSTRACT

Ulimate tendle drength of three continuous fiber-reinforced ceramic compostes, includin% SC/CASHI,
SC/MAS-5 and SC/SC, was determined as a function of test rate in ar a 1100 - 1200°C. All three
composte materids exhibited a srong dependency of drength on test rate, Smilar to the behavior observed
in many advanced monadlithic ceramics a devaed temperaures. Both the applicability of the prdoading
technigue and the excdlent daa fit to log (ultimate strength-vs-log (test rate) rdation suggested that the
overdl macroscopic falure mechaniam of the composites would be the one governed by a power-law type of
damage evolution/accumulation, andogous to dow crack growth commonly observed in  advanced
monoalithic ceramics.
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INTRODUCTION

The successful development and design of continuous fiber-reinforced ceramic compostes (CFCCs) depends
on a thorough underdanding of basc properties such as fracture and ddayed falure (dow crack growth,
faigue, or damage accumulation) behavior. In paticular, accurae evdudion of ddayed falure behavior
under specified loading/environment conditions is a prerequidte to ensue accurate life prediction of gructurd
components.

This paper describes the effect of test (or loading) rate on eevated-temperaure ultimate tensle srength of
three different NicalorO fiber-reinforced ceramic composites such as SCr/cadum-auminosilicate (CQ;%,
SCi/magnesum-duminaslicaie (MAS) and SCy/dliconcarbide (SC) ceramic compostes.  For
composite maerid, drength was determined in ar as a function of test rate a devaed temperaure of
1100°C (for SIC/ICAS and SC/MAS) or 1200°C (for SC/SIC). This type of testing, when used for
monolithic ceramics, is cdled “condant dressrate’ or “dynamic fdigue’ teding [1-3]. The loading rate
dependency of drength was andyzed with the power-law damage or dow-crack-growth propageation,
conventiondly utilized for monalithic ceramics and glass  Prdoading tests were conducted to better
underdand the governing falure mechaniam(s) of the materids. It should be noted that few studies on the
subject of loading rate dependency have been done for continuous fiber-reinforced ceramic compostes [4],
particularly a devaed temperatures.
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EXPERIMENTAL PROCEDURE

All the matrices of the three test composites were reinforced by ceramic-grade NicdonO fibers with a fiber
volume fraction of about 0.39. The nomind fiber diameters ranged from 10 to 15 nm. The three composite
materids teted induded NicdorO unidirectiondly (1D) fiberrenforced cdcum  duminoslicate
(designated  SIC/CAS-II), NicaonO crossplied (2D) magnesum aduminoslicate (designated SC/MAS-5),
and NicdonO plan-woven (2D) dlicon carbide compodtes (desgnaed SC/SC). Both SC/CASII and
SC/MAS-5 were fabricated by Corning, Inc. through hot-pressng followed by ceraming of the compodtes
by a theemd process. The glicon carbide matrix in the SC/SC compodtes was fabricated by the DuPont
Company through chemicd vapor infiltration (CVI) into the fiber peform. SC/CAS-II and SC/MAS5
laminates were 18 and 16 plies thick, respectivdy, with a nomind thickness of about 3 mm. The plan-
woven laminates of the SC/SC compodte were supplied 12 plies (normdly 3.5 mm thick). More detaled
information regarding the test composite materids can be found dsawhere [5]. The SC/CAS-II maerid hes
been usad in a previous, preiminay sudy on test rate-effect on tensle drength [6]. The dogboned tensle
tex goedmens measwring 1524 mm (length) x 127 mm (width) were mechined from the compogte
laminates, with the gage section of aout 30 mm long, 10 mm wide and 3.0-35 mm thick (asfunished).
The design of the dogboned tendle test specimen was the result of previous finite dement andyss[7].

Monotonic tensle testing was conducted in air & 1100°C for both SIC/CAS-Il and SC/MAS-5 and a
1200°C for SC/SIC, usng a servohydraulic test frame (Model 8501, Ingtron, Canton, MA). A totd of three
to four different loading rates (in load cortrol), corresponding to stress rates ranging within 50-0.005 MPa/s,
were employed with typicaly 3 tes specimens tested a each loading rate. Detalled experimenta procedure
on tendle tesing and rdaed inductionheding equipment can be found dsewhere [5]. Preload or
accderaed tedting technique, applied primarily to monalithic ceramics and glass [8], was dso conducted a
tes temperatures uang 05 MPals (for SC/CAS-I1) or 0.005 MPals (for SC/MAS-5 and SC/SC) in an
dtempt to better underand the governing falure mechanism of the materids Predelemined preoads,
corresponding to about 80 to 90 % of the falure strength a 0.5 MPals or 0.005 MPa/s with zero preload
(regular testing), were gpplied quickly to the test gpecimens prior to testing and their corresponding srengths
were measured.  Typicdly two to three tes specimens were used in preoad tegting. Tendle tesing was
performed in accordance with an ASTM Test Method, ASTM C 1359 [9).

RESULTS

Constant Stress-Rate Testing

Results of monatonic tendle drength testing with different test rates are presented in Fgure 1, where log
(ultimate strength) was plotted as a function of log @pplied stress rate) for each compogte materia. Each
lid line in the figure indicates a bed-fit regresson line basad on the log (ultimate strength) versus log
(applied stress rate) rdaion. The decrease in ultimate strength with decreasng dress rate, which represents
a susoeptibility to damage accumulation or ddayed falure, was dgnificant for al the composte materids.
The strength degradation was about 51, 31 and 62 %, respectively, for SC/ICAS-Il, SC/MAS-5 and SC/SIC
when dress rate decreased from the highest to the lowest. Facture patterns for the SC/CAS-1I composite
showed some fiber pullout with jagged faceted matrix cracking often propageting dong the test-gpecimen
length. For a given dress rate, however, the difference in drength between different fracture petterns was not
obvious. No gpprecidble difference in the mode of falure was obsarved for SC/MAS-5 and SC/SC, where
mogt gecimens teded a ether high or low dress rae exhibited rdativey fla fracture surfaces — possbly
termed brittle fracture.

Preload Testing

The results of preoad tests are dso shown in Fgure 1, where the ultimate strength with 80 to 90 % preoads
is compared with that in regular testing with zero prdoad. The difference in drength between two preloads
(0 and 80-90 %) was negligibly smdl for each materid: 211 MPa (for 0 % preload) and 209 MPa (for a 85 %
preload) for SC/CAS-II; 142 MPa (0 and 80 % preload) for SC/MAS-5; 77 MPa (0 %) and 80 MPa (90 %)
for SC/SC. Hence the maximum drength difference, exhibited by SC/SC, amounts to only about 4 %.
This indicates that any sgnificant damege that would control ultimete srength of the maerid did not occur
before the gpplied loads up to 80 to 90 % of fractureload. Conversdly, the damage to contral find falure
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Figure 1. Ultimate tendle drength as a function of gpplied dress rae for (@) SC/CAS-1I, (b) SC/IMAS-5
and () SIC/SIC composites & devated temperatures in ar. The solid lines represent the bedt-fit regresson

lines based on Equation 3. Error bar indicates £ 1.0 dandard deviation. Ultimate tensle drength with
preload isdso induded for each materia for comparison.

would have occurred when applied load or test time was greater than 80 to 90 % o fracture load or totd test
time. Thetheory explaining the results of preload testing will be described in the discussion section.

DISCUSSION

The drength dependency on tet rate exhibited by the three composite materiads (Figure 1) is very smilar to
tha obsaved in advanced monolithic ceramics a ambient or devated temperatures  The drength



degradation with decreasng dress rate has been known to be due to dow crack growth (delayed falure or
faigue) of aninitid crack, typicaly governed by the following empirical power-law relation [1-3]

v=A(K, /K.)" (1)

where v, K| and K|c are crack velocity, mode | dress intengty factor and fracture toughness, respectivey. A
and n are cdled dow crack growth (SCG) parameters. Based on this power-law rdation, the strength (sr)
can be derived as afunction of applied Sressrate(s ) [1-3],

s, =DJs ]%+1 @

where D is another SCG parameter associated with inert strength, n and crack geometry. Equation (2) can be
expressad in amore convenient form by taking logarithms of both sides

logs ; :niﬂlogs'ﬂogD 3

Congant stress-rate (“dynamic fatigue’) testing based on Equation (2) or (3) has been edablished as ASTM
Test Methods (C1368 [2] and C1465 [3]) to determine SCG parameters of advanced monolithic ceramics at
ambient and devated temperatures. 1t has been recommended to use units of MPa for s; and MPalsfor s [2-
3]. As can be seen in Fgure 1, the data fit to Equaion (3) is very reasonable with the coefficients of
corrdation (reoer) dl greater than 0.980, indicating that the damage evolution/accumulation or ddayed falure
of the composte maerids would be adequatdy described by the power-law type reaion, Equetion (1).
Asaming this the apparent parameters ' and D’ for the compodtes were determined using a linear
regresson anayss based on Equaion (3) with the datain Figure 1. Vduesof N =9.0and D' =226, n' = 18
and D’ =185,and n" =6 and D' = 158 were obtained for SC/CAS-11, SC/MAS-5 and SC/SC, respectively
(The prime was used here for compodte materids to diginguish them from mondlithic ceramic
counter . It is noteworthy thet the vdue of n’, a measure of ibility to was very low for
both Spgtég\s-ll and SC/S% but intermediate for SC/MAS-S?JSO%ﬁcdtymmdmlioon r??;ides and
slicon carbides a high temperatures a 3 1200°C exhibit n 3 20. Hence, compared with monoalithic ceramics,
the SC/CAS-1l and SC/SC compostes exhibited a dgnificatly hig usoeptibility to  damage
evolution/accumulation.

The preloading or accderated testing technique has been developed for monalithic ceramics in order to save
tes time in condant dress-rate testing [8]. Based on the power-lawv SCG rdation of Equetion (1) with some
mathematicdl menipulation, srength of a tex specimen under a preload (a,) was derived as a function of
preloading factor asfollows[8,2,3]:
1

S =Sy (1+a2+1)n+1 4
where sy, is drength with a preload and a, (O ap£l) is a preloading factor (or percentage of preload) in
which a prdoad dress (goplied to the tet specimen) is normdized with respect to the srength with zero
prdoad. Equation (4) indicates that drength with a prdoad is sendtive to the magnitude of preoad
paticulaly a lower n and higher &, vaues A theoreticd prediction of ultimate srength as a function of
preload, based on Equation (4) with estimated vaues of n' from Fgure 1, is presented in Fgure 2. The
prediction is in excelent agreement with the experimental data for dl the three compodte materids tested, as
seen in the figure.  This result obtained from the composite materids is dso andogous to that observed in
advanced monadlithic ceramics and glass [8]. Damage manly SCG, of monadlithic ceramics occurs
subgantialy cose to 90 % of totd falure time because of their higher n (3 20) vadue [8]. The gpplicability of
the prdoading andydss for the ocompodte maerids drongly suggests tha mgor  damege
evolution/accumulation process would be the one governed by the power-law rdaion (Equetion (1)) and that
the damage would have occurred after along incubation time, at least after 80 % of totd test time.

The drength dependency on test rate, the very reasondble data fit to Equation (3) and the gpplicability of
preloading technique dl support that the damage evolution/accumulation of the composte maerids tested

was controlled by a process very amilar, in principle, to the power-law type of SCG of monalithic ceramics
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Figure 2. Reallts of prdoading tests (ultimate srength as a function of prdoading) for (@ SC/CASI, (b)
SC/MAS-5 and (¢) SC/SC composites a devated temperaures in ar. A theoreticd line based on Equation
(4 [8] isinduded for comparison for each composte materid.

The previous results obtained from congant dress (“sress rupture’) tendle testing for the same test materids
as showed the power-law type of damage evolution/accumulaion mechaniam [10]. This dl indicates that
condant dress-rade teding, commonly utilized in deermining life predicion parametes of monadlithic
ceramics, could be goplicable even to composte materids as a means of life prediction test methodology.
The meit of condant dress rae teting is enormous in terms of smplicity and test economy (shortened test
time and less test gpecimens required) over other dress rupture or cydic fatigue testing, especidly for short
lifetimes A continuing effort to establish a database in devated-temperature condtant dress rate testing is in
progress by adding more CFCC materids. At the same time, a more detaled undersanding regarding
microscopic falure mechanisms [4,11-14] associaed with matrix/fiber interaction, meatrix cracking and its
effect on dow crack growth, and ddayed falure of sudaning fibers near catadrophic fracture, ec. is dso



needed. The results of this work dso suggest tha care must be exercised when characterizing devaed-
temperature drength of compodte maerids  This is due to the fact that devatedtemperaiure srength has a
rdaive meaning if a materid exhibits rate dependency: drength is Smply dependent on which test rate one
chooses (Figure 1). Therefore, a least two test rates (high and low) are generdly recommended to better
characterize high-temperature strength behavior of acomposite materid.

CONCLUSIONS

Elevated-temperaiure drength of three continuous fiber-reinforced ceramic compostes induding SC/CAS-
I, SC/IMAS-5 and SC/SC, exhibited a strong dependency on test rate, Smilar to the behavior observed in
many advanced monalithic ceramics a devaed temperaures  The goplicability of the prdoading technique
as well as the reasonable data fit to log (ultimate strength)-vs-log (test rate) redaion suggested that the
diginct, overd| falure mechanism of the composte materids would be a process primarily governed by a
power-lav type of damage evolution/accumulaion, andogous to the mechaniam obsarved in monalithic
counterparts.
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