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Abstract

Ultimate tensile strength of five different continuous fiber-reinforced ceramic matrix composites (CMCs), includifBS3i€ (two
dimensional (2D), 2 types), SiBIAS (2D), SiG/SiC (2D), and @/SiC (2D, 2 types), was determined as a function of test rate at 1100=€200
in air. All five CMCs exhibited a significant dependency of ultimate tensile strength on test rate such that the ultimate tensile strength
decreased with decreasing test rate. The dependency of ultimate tensile strength on test rate, the applicability of preload technique, and the
predictability of life from one loading configuration (constant stress-rate loading) to another (constant stress loading) all suggested that the
overall, phenomenological delayed failure of the CMCs would be governed by a power-law type of slow crack growth.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction This paper, as a continuation of the previous study,
. _ describes delayed failure behavior of five different fiber-
. The -successful deyelopmgnt and d95|gn of CONtINUOUS oyt rced CMCs at 1100-120C in air, including three SiC
fiber-reinforced ceramic matrix composites (CM_CS) are dg— fiber-reinforced CMCs (SiZBSAS (2D, 2 types), SIZMAS
pendent on thorough understanding of their basic propertles(lD) and SIG/SiC (2D woven)) and one carbon fiber-

such as deformation, fracture, and delayed failure (slow crackreinforced CMC (G/SIC (2D woven, 2 types)). Ultimate ten-
growth, fatigue, or damage evolution/accumulation) behav- sile strength of each composite was determined as a function

ior. Particularly, complete evaluation and characterization of Jc. <t (ate in constant stress-rate testing and its rate depen-

delayed failure behavior of CMCs under specified loading- dency was analyzed with a power-law type of slow crack

e.nV|roan1e.ntaI conditions is a prerequisite to ensure accurategrowth' Preload testing was also carried out to better under-
life prediction of structural components.

; . . stand the governing failure mechanism(s) of the composites.
In a previous study, ultimate tensile strength of three g . (s) P

e : ) _ Finally, the results of elevated-temperature constant stress
S!C flper-remforced CMC.S (S."QCAS' SIG/MAS-5, and (“stress rupture”) testing were obtained for SIBSAS and
SiG/SiC) at 1100-1200C in air was found to be a strong

f ) f Thi d d £ ulti i compared with those of constant stress-rate testing to ver-
unction oftest rate. This rate dependency of uitimate tensile ify the overall failure mechanism(s) of the composite and to
strength, in conjunction with the additional results of both

lorated and st ture tesfi tound 1o b testablish constant stress-rate testing as a means of life pre-
accelerated and stress rupture testing, was found to be aty; .01 test methodology for CMCs.

tributed to a power-law type of slow crack growth or damage
evolution/accumulation that described adequately the phe-

nomenological time-dependent behavior of the CMCs. .
2. Experimental procedure

* Corresponding author. Tel.: +1 216 433 8366; fax: +1 216 433 8366. . . o .
E-mail addresssung.r.choi@grc.nasa.gov (S.R. Choi). Five different CMCs—four SiC fiber-reinforced and one

1 NASA Resident Principle Scientist. carbon fiber-reinforced—were used in this study, includ-
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ing Nicalon™ or Hi-Nicalon™ SiC crossply (2D) fiber-
reinforced barium strontium aluminosilicate (designated
Nicalon/BSAS and Hi-Nicalon/BSAS), Nicald¥ unidirec-

Cooled Wedge Grip —— Fesk Spectiei

tionally (1D) reinforced magnesium aluminosilicate (des- _ SiC

ignated SiG/MAS), Nicalon™™ plain-woven (2D) silicon O ® __— Susceptor

carbide (designated Si(SiC: “enhanced”), and T-300 car- _ol @)

bon fiber-reinforced plain-woven (2D) silicon carbide (des- P i L. T .

ignated G/SiC: “standard” and “enhanced”). The matrices  Extensometer < () b

of the composites, except fors(SiC, were reinforced by _O > B . .

Nicalon™ or Hi-Nicalon™ fibers with a fiber volume frac- s tnduction Loll
@] Ul

tion of about 0.40. The unidirectional, crossply or plain-
woven laminates of the SiC fiber-reinforced composites were
typically 12—-18 plies thick with a nominal thickness of around
3-3.5mm, depending on material. Thé®lC composite had
atotal of 29 plies, a fiber volume fraction of 0.46, and a nomi-
nal laminate thickness of 3 mm. The enhanced S{C com- Fig. 1. Schematics of experimental setup used in tensile testing for ceramic
posite was modified from its standard matrix by a proprietary Matrix composites at elevated temperatures in air.
process to increase the oxidation resistance of the composite.
SiC was also chemically vapor deposited on the composite Sile testing was performed in accordance with ASTM Test
panels to cover the residual porosity. The enhancg8iC ~ Standard C 1359.
composite had a boron carbide that was introduced into the ~Preload or accelerated tensile testing, primarily applied
composite prior to deposition of pyrolytic carbon interface to to monolithic ceramics in order to save test tifneras also
protect the carbon fibers from oxidation. Both Nicalon/BSAS conducted at 1100 or 120C using the lowest test rate of
and Hi-Nicalon/BSAS were fabricated at NASA Glenn Re- 0.005MPa/s in an attempt to better understand the govern-
search Center SiGi/MAS by Corning, Inc. (Corning, NY§, ing failure mechanism(s) of the composites. A predetermined
SiG/SiC by DuPont Company (Newark, D&and G/SiC preload, corresponding to an 80% of ultimate tensile strength
by Honeywell Advanced Composites, Inc. (Newark, BE). of each composite that was determined at 0.005 MPa/s with
Detailed information regarding the composites and their pro- N0 preload, was applied quickly-100 MPa/s) to the test
cessing can be found elsewhérd. specimen prior to testing, and monotonic tensile testing at
The dogboned tensile test specimens measuring 152 mnP-005 MPa/s started and continued until the test specimen
(length) by 12.7 mm (width) were machined from the com- failed. The corresponding ultimate tensile strength was de-
posite laminates, with the gage section of about 30 mm termined. One_z test specimen was used in preload testing for
long, 10mm wide, and 3.0-3.5mm thick (as-furnished). €ach composite.
The G/SiC test specimens were supplied with a notch ma-  Constant stress (“stress rupture”) tensile testing was con-
Chined (|n depth =25mm and root radius =12 mm) at ducted at 1106C in a.ir f0r the N|Ca|0n/BSAS (W|th two
one side of gage section at the longitudinal center of eachdifferent batches “A” and “B”) composite using test speci-
test specimen. After machining, the/SiC test specimens ~mens with the same geometry and the same test frame and
were seal coated with SiC by the chemical vapor infiltration €duipment that were employed in constant stress-rate tensile
method* testing. The limited availability of test materials confined the
Monotonic tensile testing was conducted in air at 1100  testing to three to four test specimens, depending on batch.
for Nicalon/BSAS, Hi-Nicalon/BSAS and SiGMAS-5 and Two to three different constant stresses were applied to test
at 1200°C for SiG/SiC and G/SiC, using a servohydraulic specimens and corresponding times to failure were deter-
test frame (Model 8501, Instron, Canton, MA). A schematic Mined.
test setup is shown iRig. L Each test specimen, located in-
side of a SiC susceptor via two upper and lower water-cooled
hydraulic grips, was induction-heated by radiation through a 3. Results and discussion
15-kW power supply. Two high-temperature extensometers
were placed on edges of each test specimen to measure ters-1. Ultimate tensile strength
sile strain. Detailed descriptions on test setup and induction
heating equipment were found in a previous stéidytotal The results of ultimate tensile strength as a function of
of three different test rates in force control, corresponding test rate determined for the aforementioned CMCs are pre-
to stress rates of 5, 0.16, and 0.005 MPa/s, were employedsented inFig. 2, where ultimate tensile strength was plot-
for a given composite. This test method, when applied to ad- ted as a function of applied stress rate using log-log scales.
vanced monolithic ceramics, is called constant stress rate orEach solid line in the figure represents the best-fit regres-
“dynamic fatigue” testing. Typically, one to three test speci- Sion based on the log (ultimate tensile strength) versus log
mens were tested at each test rate for a given composite. Tentapplied stress rate) relation. The strength data determined

«—— Cooled Wedge Grip
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Fig. 2. Results of ultimate tensile strength as a function of applied stress rate determined for (a) Nicalon/BSAS, (b) Hi-Nicalon/BSASMBES(E)
SiG/SIiC, and (e) @SiC ceramic matrix composites at elevated temperatures in air. The solid lines represent the best-fit regression lineBdpgd¢doe
delayed failure (or slow crack growth) parametéwas also included for each material.

with an 80% preload were also included. The decrease inNicalon/BSAS exhibited higher strength than Nicalon/BSAS
ultimate tensile strength with decreasing stress rate, whichat test rates-0.16 MPa/s, the former exhibited a greater sus-
represents a susceptibility to delayed failure (or slow crack ceptibility to delayed failure than the latter, viewed from
growth or damage accumulation), was significant for all the the degree of strength degradation with decreasing test rate.
composite materials tested, consistent with the previous re-Also note that the enhanced/SiC composite showed lower
sults determined with other CMCs such as 1D {88AS strength at high test rates but greater resistance to delayed
(calcium aluminosilocate), 2D SjIMAS-5, and 2D woven  failure than the standard counterpart, thus achieving more
SiG/SiC (standard}. The strength degradation was about improved resistance to strength—environmental degradation
43, 59, 48, and 28%, respectively, for Nicalon/BSAS (batch by the boron carbide enhancement.

A), Hi-Nicalon/BSAS, SiG/MAS, and SiG/SiC, when the Typical examples of fracture pattern of each composite
stress rate decreased from the highest (=5 MPa/s) to the lowtested at the highest (=5 MPa/s) and lowest (=0.005 MPa/s)
est (=0.005 MPa/s). The corresponding strength degradationtest rates are shown ifrig. 3. The mode of fracture

for C;/SiC was 61 and 30%, respectively, for the standard for both Nicalon/BSAS and Hi-Nicalon/BSAS composites
and enhanced composites. It is noteworthy that although Hi- showed fiber pullout with zigzag matrix cracking through the
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Fig. 3. Fracture patterns for (a) Nicalon/BSAS, (b)8MAS, (c) SiG/SiC (“enhanced”), and (d)SiC (“enhanced”) ceramic matrix composites tested in
tension at elevated temperatures in air. The upper and lower pictures for a given composite material indicate the specimens tested at th®®hest/§50.0
and the highest (=5 MPa/s) test rates, respectively.

specimen-thickness direction. A change in surface (matrix)  The strength dependency on test rate exhibited by these
color of test specimens from dark grey to white was more pro- composites at elevated temperatures [8ge2) is very simi-
nounced at 0.005 MPa/s than 5 MPal/s, an evidence of morelarto thatcommonly observed in advanced monolithic ceram-
aggressive high-temperature reaction/oxidation involved atics at elevated temperatures. The strength degradation with
the lower test rate, attributed to increased test time. Fracturedecreasing stress rate in monolithic ceramics is known to oc-
patterns for the SiZMAS composite indicated some fiber cur by a slow crack growth process (also known as delayed
pullout with jagged faceted matrix cracking often propagat- failure, subcritical crack growth or fatigue) and is expressed
ing along the test-specimen length. One specimen tested ags follows?11

the fast test rate of 5 MPal/s failed close to the transition and

grip regions. No significant difference in the mode of frac- logos =
ture was observed between $iSIC (enhanced) and;(SiC n+1

(standard or enhanced), where almost all the specimens testewheren and D are slow crack growth parameters, and
ateither a high or low test rate exhibited relatively flat, straight (MPa) ands (MPa/s) are fracture strength and applied stress
fracture surfaces with little fiber pullout, termed brittle frac- rate, respectivelfq. (1)is based on the conventional power-
ture. A similar brittle mode of fracture was also observed law crack velocity formulation as expressed:

previously for the 2D standard SiSiC composite-. Black K\
to bluish discoloration in the heated region of tested speci- v = A(—)
mens was obvious for either standard or enhance8iC, Kic
accompanying a weight loss after testing due to oxidation: wherev, K|, andK ¢ are crack velocity, mode | stress intensity
the more weight loss occurred at the lower test rate, and vicefactor and fracture toughness, respectivalys also called
versa. Detailed oxidation and stress rupture/life behaviors of slow crack growth parameter. The paraméles associated
this G/SiC composite system have been explored previously with n, A, K¢, and inert strength of a material. The parameters
in a low partial pressure of oxygen environmérits nandD in Eq. (1)can be obtained by a linear regression anal-

logo + log D Q)

()
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ysis from slope and intercept, respectively, when log (fracture
strength) is plotted as a function of log (applied stress rate).

Constant stress-rate (or called dynamic fatigue) testing based

on Eqg. (1) has been established as ASTM Test Methods to
determine slow crack growth parameters of advanced mono-
lithic ceramics at ambient and elevated temperattftés.
Notwithstanding the limited number of test specimens
used, the data fit t&q. (1)was very reasonable for the cur-
rent CMCs with the coefficients of correlation in regression
all greater than 0.930. This implies that delayed failure of
the composites could be described by the power-law type of
slow crack growth formulatiorkzq. (2) With this in mind,
the apparent delayed—failure parametegrand D’ for the
composites were determined basedaan (1) using the ex-
perimental data shown iRig. 2 (with the units ofot in MPa
ands in MPa/s). The parametérthus determined wern =
13 andD’ = 127,n =7 andD’ = 188,n’ = 13 andD’ = 367,
andn’ = 20 andD’ = 160, respectively, for Nicalon/BSAS
(batch A), Hi-Nicalon/BSAS, SigZMAS-5, and SiG/SiC.
The prime was used here for composites to distinguish them
from monolithic ceramic counterparts. The apparent param-
eters for the @SIiC composite wer@ = 6 andD’ = 196,
andn’ = 18 andD’ = 166, respectively, for the standard and
enhanced versions. The valuemfrepresents a measure of
susceptibility to delayed failure, and is typically categorized
in brittle materials such that the susceptibility is very high for
n < 20, intermediate fon = 30-50, and very low fon > 50.
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Fig. 4. Ultimate tensile strength as a function of test rates determined for
1D SiG/CAS at 1100C, 2D SiG/MAS-5 at 1100 C, and woven SigSiC
(“standard”) at 1200C in air from previous studies.

the degree of strength degradation with respect to test rate. As
oxidation prevails into the material system, porosity increases
and the effective number and sizes of load-bearing fibers de-
crease. This oxidation-induced damage would be considered
to be equivalent to crack-like flaws growing through matri-
ces and fibers from a fracture-mechanics point of view. The
equivalent crack propagates under a driving foiGg based
onEg. (2)so that the resulting strength follows in accordance
with Eqg. (1) Note that oxidation-induced damage increases

Hence, the current composites exhibited a significant suscepyith decreasing test rate since more time is available for ox-
tibility to delayed failure as compared with monolithic coun- jgation at lower test rate, and vice versi other words, at
terparts such as silicon nitrides and silicon carbides which arefaster test rates, an equivalent crack has little time to grow,
typically in the range of > 20 at temperatures1200°C.*2 resulting in higher strength; whereas, at lower test rates, the
Similar results showing greater susceptibility of CMCs tode- crack has longer time to grow appreciably, thereby yielding
layed failure at elevated temperatures were also found from|ower strength. However, oxidation was not likely a unique
the previous studyin 1D SiG/CAS, 2D SiG/MAS, and 2D soyrce of final fracture responsible in the/SIC material
woven SiG/SiC (standard) composites withvaluesranging  system, as will be discussed$ection 3.2

from ' = 6-18, as depicted iRig. 4.

Unlike the other CMCs, the {SiC composite, as men-
tioned before, was subjected to significant oxidation of car-
bon fibers, resulting in material loss. Therefore, strength
degradation was increased, attributed to decreasing fiber vol
ume fraction and subsequently increasing porosity, as the tes
rate decreased. The strength degradation due to oxidation fo
the G/SiC composite has been described based on the result
of stress rupture through a finite difference model on oxy-
gen concentrations and carbon consumptihlthough this
stress-oxidation model would give a better physical explana-
tion, the phenomenological power-law formulation used in op
this study still provides a simple, convenient way to quantify o= ot

3.2. Preload tests results

_ Theresults of preload tests carried out at 0.005 MPa/s with
an 80% preload are presentedrig. 5 where ultimate tensile
'strength was plotted against preload facto=(0.8) for each
composite. The preload facteiis defined such that a preload
?ensile stressy{p) applied to a test specimen prior to testing is
normalized with respect to the ultimate tensile strength (
with no preloa§1011

®3)

1 The number of test specimens used in this study, one to three at each test For advanced monolithic ceramics whose delayed failure

rate, would be insufficient to determine reliable delayed failure parameters. 1S govemed by the power-law slow crack growth formulation
However, considering a relatively small scatter in ultimate strength of many (EQ. (2), it has been shown that fracture strength is a func-
CMCs, typically with coefficients of variatiors5%, the current delayed-  tion of preload factor and slow crack growth parametes
failure parameters provided will not be changed too much even with a large fg||ows®:10.11

number of test specimens; hence, the variation ofit@dD’ to the number

of test specimen would be expected to be minimal and statistically insignif-

w1yl
icant as well.

(4)

ofp = of(1+ o
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Fig. 5. Results of preload tests, plotted with ultimate tensile strength as a function of preload factor for (a) Nicalon/BSAS and Hi-Nicalon)BEABJAS,
(c) SIG/SiC (“enhanced”), and (d) {ZSiC (“standard” and “enhanced”) ceramic matrix composites at elevated temperatures in air. A theoretical prediction
based oriEq. (4)is included for comparison for each composite material.

where oy, is ultimate tensile strength with a preload and stress or test time was greater than 80% of fracture stress or
a is in the range of O< « < 1. It is noted fromEq. (4) total test time.
that ultimate tensile strength under preload is more sensi- The insignificant difference in ultimate tensile strength of
tive to higher preload factar and lowern’ value, because the G/SiC composite between two preloads of 0 and 80%
of much augmented delayed failure occurring under theseis particularly noteworthy. The total test time at no preload
conditions. was about 5-7 h for the{SiC composite (standard and en-
Each solid line inFig. 5indicates the theoretical predic- hanced), while the respective total test time with an 80%
tion based orkEq. (4) together with the estimated value of preload was about 1-2 h. Despite this appreciable difference
n’ and the ultimate tensile strength with no preload. The pre- in test time (or exposure time for oxidation) between the two
diction, despite a limited number of test specimens used, ispreloads, the resulting strength difference was minimal. This
in good agreement with the experimental data except for the suggests that oxidation would not be a sole source of the
SiG/MAS composite. Note thaEq. (4)was derived based  composite failure as well as of the rate dependency. A further
on the power-law, slow crack growth formulatiofg. (2) study using increased number of test specimens would reveal
Therefore, the reasonable applicability of the preload anal- more detail aspects of failure mechanism(s) involved in the
ysis to the current composites suggests that delayed failureC;/SiC composite. However, it is important to state at this
process of these composites would be the one governed bypoint that apart from detailed understanding of a complex
the power-law type of slow crack growth, as expressed in oxidation kinetics associated with the/6iC composite, the
Eqg. (2) This is consistent with the observations of the pre- composite failure can be described phenomenologically by
vious preload studies using other CME# is also noted the simple power-law formulation dq. (2) based on the
from the figure that the overall difference in ultimate tensile results of both ultimate tensile strength and preload tests.
strength between two preloads< 0 and 80%) was insignif-
icant, resulting in a considerable savingg0%) of test time 3.3. Constant stress (stress rupture) tests
by applying the 80% preload. This indicates that any signifi-
cant crack growth that would control ultimate tensile strength A summary of the results of constant stress (stress rupture)
of a composite did not occur even when the applied stress totesting for the Nicalon/BSAS composite (batches A and B) at
test specimen during test reached up to 80% of its fracture 1100°C is presented iFig. 6, where time to failure was plot-
stress. Conversely, the crack growth or damage to control fi- ted against applied stress in log—log scales. A decrease intime
nal catastrophic failure would have occurred when applied to failure with increasing applied stress, which represents a
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200 ; . T ‘ . : ing configuration (constant stress-rate testing) to another
Nicalan/BSAS. (3-0) (constant stress) for a selected composite all support that

Tension/1100°C ; i
engon delayed failure of the composites was controlled by the

still exhibit delayed failure, similar in principle to mono-
lithic counterparts. This is simply due to the fact that macro-
sowﬂ “‘)1 1'02 163 1(‘” "')5 1'06 s scopically, a CMC is a composite composed of two or
. ) more delayed—failure susceptible monolithic materials (con-
Time to-fallure, t,[s] stituents of fibers, matrices, interfaces, etc.). The vulnera-

Fig. 6. Results of constant stress (st ture") testing for Nicalon/BSAS bility to delayed failure would be greater in composite be-
ig. 6. Results of constant stress (“stress rupture”) testing for Nicalon . T .
composite (batches “A’ (open triangle) and “B” (closed triangle)) at T1D0 cause of its more likelihood of chance to environmental

in air. The solid lines represent the predictions made baségtjo(6)from exposure by its inherently more open, porous microstruc-
the results of constant stress-rate testfig.(2). tures, as compared to dense monolithic counterparts. The
vulnerability of a composite, of course, will be increased
if the constituents added are highly susceptible to delayed
susceptibility to delayed failure, was evident for the com- failure.
posite. The mode of fracture was similar to that in constant A subsequent importance drawn from the results of this
stress-rate testing showing some fiber pullout with jagged work is that constant stress-rate testing, commonly utilized
matrix cracking through the specimen-thickness direction. in monolithic ceramics, could be applicable to CMCs to de-
At lower applied stresses, however, the fracture surfaces oftermine their delayed—failure (or life prediction) parameters,
both batches were somewhat flat with decreased fiber pull-at least for a short range of lifetimes, consistent with the pre-
out, a change in fracture mode more likely to brittle fracture. vious observatiod.The merits of constant stress-rate testing
The lines inFig. 6indicate life prediction from the constant are enormous in terms of test simplicity and test economy
stress-rate data. The prediction, primarily applied to brittle (short test time and less data scatter) over other stress rup-
monolithic materials, was made using the following relation ture or cyclic fatigue testing. A simplistic, phenomenolog-

[0}

o

% 100 S O | power-law type of slow crack growth (or damage evolu-
& 90 i tion/accumulation), confirmed with not only the current

E gg i CMCs but the previous CMC5lt is noted that despite many

2 60 i differences in their processing, architecture, microstructure,
% 50 ] and interface, compared with monolithic ceramics, CMCs
o

<

40 | .

based on the power-law formulationBf. (2)* ical law of delayed failure was only explored in this study
il to develop lifetime prediction testing and methodology for

i = (Dr ) o ) CMCs, without accounting for detailed failure mechanisms
n+1 associated with matrix/fiber interaction, matrix cracking and

its effect on slow crack growth, delayed failure of sustain-
wheret; ando are time to failure and applied constant stress, ing fibers, and creep-associated deformatibaé A micro-
respectively. Use oEq. (5) together withn’ and D" de- scopic level of study on this subject is thus needed. Finally,
termined in constant stress-rate testing allows one to pre-the results of this work suggest that care must be exer-
dict life under constant stress (stress rupture) loading. Evencised when characterizing elevated-temperature strength of
though the small number of test specimens was used herezomposite materials. This is due to the fact that elevated-
due to limited material availability, the prediction was inrea- temperature strength has a relative meaning if a material ex-
sonable agreement with experimental data at least for thenibits rate dependency: the strength simply depends on which
Nicalon/BSAS composite. This indicates that the governing test rate one chooses (s€ig. 2). Therefore, use of at least
failure law of the Nicalon/BSAS composite was very simi-  two test rates (high and low) is recommended to better char-

lar either in constant stress-rate or in constant stress loadingacterize high-temperature strength behavior of a composite
Since the predictiorHg. (5) was made based d&q. (2) the material.

governing delayed—failure mechanism of the Nicalon/BSAS

would be the one controlled by the power-law type of slow

crack growth Eg. (2). Other CMCs also showed reasonable 4. Conclusions
agreement in life between constant stress-rate and constant-

stress loading configurations. Elevated-temperature ultimate tensile strength of five
different continuous fiber-reinforced ceramic composites,
3.4. Implications including Nicalon/BSAS (2D), Hi-Nicalon/BSAS (2D),

SiG/MAS (1D), SiG/SiC (2D woven: enhanced), and
As seen in the precedin§ections 3.1-3,3he strength C;/SiC (2D woven: standard and enhanced), exhibited a
dependency on test rate, the applicability of the preload tech-strong dependency on test rate, consistent with the behav-
nique, and the reasonable life prediction from one load- ior observed in other CMCs as well as in many advanced
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monolithic ceramics at elevated temperatures. The rate de-6.
pendency of ultimate tensile strength, the applicability of
the preload technique, and the predictability of life from one
loading configuration (constant stress rate) to another (con-
stant stress) for the Nicalon/BSAS composite suggested that
the overall failure law of the composites would be governed 7.
by a power-law type of slow crack growth (or damage evo-
lution/accumulation). It was further confirmed that constant
stress-rate testing could be utilized as a means of life predic-
tion test methodology for composites when short lifetimes
are expected and when ultimate tensile strength is used as a
failure criterion. 9.
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