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ABSTRACT

Single tow Hi-Nicalon TM, C interphase, CVI SiC matrix minicomposites were tested in

tension at room temperature, 700°C, 950°C, and 1200°C in air. Monotonic loading with

modal acoustic emission monitoring was performed at room temperature in order to

determine the dependence of matrix cracking on applied load. Modal acoustic emission was

shown to correlate directly with the number of matrix cracks formed. Elevated temperature

constant load stress-rupture and low-cycle fatigue experiments were performed on

precracked specimens. The elevated temperature rupture behavior was dependent on the

precrack stress, the lower precrack stress resulting in longer rupture life for a given stress.

It was found that the rupture lives of C-interphase Hi-Nicalon TM minicomposites were

superior to C-interphase Ceramic Grade Nicalon TM minicomposites and inferior to those of

BN-interphase Hi-Nicalon TM minieomposites.

I. INTRODUCTION

The poor intermediate temperature tensile-rupture behavior in air of ceramic grade

Nicalon TM (NIC)'* reinforced CVI SiC matrix composites with carbon interphases has been

demonstrated over temperatures ranging from 425 to 1000°C [ 1-7]. The time to failure for
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all these studies corresponds to a stress exponent, n, of approximately _A [4], where time to

failure, t, is directly proportional to composite stress, cr, to the power n:

t ot crn (1)

This corresponds to a rupture strength degradation of over 70% for rupture times less than

10 hours. Two mechanisms have been put forward for the reduction in strength of the

NIC/SiC system with C interphases: the increase in effective gage length from carbon

volatilization [3] and the flaw size increase due to oxide scale growth [4] on the surface of

the fibers. The latter mechanism would predict a stress exponent of ¼ assuming parabolic

oxide growth at intermediate temperatures.

However, this strength degradation at temperature, in air, and at stress is far more

severe than could be accounted for from these two mechanisms. For example, if only one

crack existed in the gage section of a NIC/SiC composite, the fully loaded gage length of

the fibers could be approximated by:

1 = crR/2fx (2)

where R is the fiber radius, f is the volume fraction of load-bearing fibers, and x is the

interfacial shear strength [8]. For the case where c equals 240 MPa, f equals 0.16, "_equals

10 MPa, and assuming a Weibull modulus m for individual fiber failure equal to 5, the

maximum decrease in strength due to an increase in gage length (12 mm for the hot zone in

the reference 2 study) would be - 45%. If more than one crack were in the hot zone of the

furnace the degradation in rupture strength due to this mechanism would be less. In

addition, if the oxide scale was related to the flaw size, one would expect an increase in

flaw size (oxide scale thickness) of approximately one order of magnitude if the rupture

strength was reduced from 2000 to 500 MPa (a 75% decrease) over 100 hours at 700°C,

assuming a KIc of 2[9]. For the reference 2 study, SiO 2 scales were not detectable on the

fiber surfaces at these low temperatures, even though the fiber fracture mirrors were

observed to increase commensurate with the degree of minicomposite rupture strength loss.

Therefore, it is evident that the mechanisms causing NIC/SiC rupture with carbon



interphasesincludeaflaw growthor flaw creationmechanismin additionto thetwo already

mentioned.

It is likely that thesurfaceof theNIC fibermayhavebeenmodified duringCVI SiC

infiltration. Naslain [10] describesfour NIC/C/CVI SiC compositescenarioswhere the

surface of the Si-C-O containing NIC fibers are altered after CVI SiC composite

fabrication.All four scenarioshavea complexcarbon-richlayer on the fiber surfacein

betweenthe CVI depositedcarbonlayer and the Si-C-O fiber. In somecasesSiO2is

presentand in others it is not dependingon the CVI approachtaken and/or a fiber

pretreatment.Nevertheless,local carbonrich areasat the fiber surfacearepresentthat

wouldoxidizeduringrupturetesting.In otherwords,amechanismdueto surfacerecession

or "pit formation" asa result of theoxidationof carbonlayersor local carbonrich regions

on the fiber surfacecould leadto rapid strengthloss. This type of mechanismbetter

explainstheobservedrapidrupturestrengthlosswith time for NIC/C/SiC composites.It is

notknownif themorethermallystableHi-NicalonTM (HN) fibers with C interphases would

undergo similar degradation after CVI SiC processing.

In the earlier study [2] the minicomposite tensile stress rupture properties of NIC

reinforced SiC with a BN interphase had superior elevated temperature stress-rupture life in

air compared to C interphase minicomposites. This has also been shown for woven

NIC/SiC composites tested in flexure [11]. It was suggested in reference 2 that the BN

interphase NIC/SiC rupture behavior was superior to C interphase NIC/SiC because of the

formation of a measurable oxide layer (- 0.5 micron at 700°C after 12 hours) on the fibers

that had a BN interphase. This was due to the enhanced oxidation of SiC when in contact

with BN [12]. This oxide layer, which was predominantly SiO2, protected the fibers from

the strength degrading mechanism of the NIC fibers when directly exposed to the

environment as was the case for C interphase NIC/SiC. The presence of thick oxide scales

on fibers in BN interphase N/C/SiC causing only minimal strength degradation (n ~ 50)

also is further evidence against the oxide scale mechanism discussed above for N/C/SiC

with C interphases. It was also shown in reference 2 that the rupture behavior of

HN/BN/SiC minicomposites were superior to NIC/BN/SiC minicomposites in air.

Unfortunately, in the earlier study, I-IN/SiC minicomposites with C interphases were

not studied. Since HN is a more thermally stable fiber than NIC, it may be expected that



HN/SiC with C interphasesis not assusceptibleto severerupture strengthdegradationas

NIC/SiC with C interphases.Thus,the questionremains,how muchworse,if at all, is C

interphaseHN/SiC in rupturethanBN interphaseHN/SiC? Therefore,the impetusfor this

work was to determinethe rupturebehaviorof HN/SiC minicompositeswith C interphases

to provide a comparisonfor HN/SiC minicompositeswith BN interphasesas well as

NIC/SiCminicompositeswith C interphases.

II. EXPERIMENTAL PROCEDURE

Tows of 500 HN fibers were used to fabricate the minicomposites studied in this

work. The tows were mounted on graphite racks, coated with carbon and then composited

with SiC by chemical vapor deposition (Hyper-Therm Inc., Huntington Beach Califomia).

The fiber volume fraction (0.16±0,01) and minicomposite cross-sectional area was

determined based on the measured or estimated weights and densities of the minicomposite

constituents [13]. The observation of the minicomposite polished cross sections indicated

that the carbon interface was uniform with an average thickness of 0.4 p.m. The fracture

surfaces of the minicomposites had a fibrous appearance, the SiC matrix being thicker on

the outside, but more uniformly distributed in the interior than in the NIC fiber, C-

interphase minicomposites previously studied [2].

Room temperature tensile testing was performed using an universal testing machine

(Model 4502, Instron, Canton, MA); the test set-up is described in detail elsewhere [2]. The

minicomposites were mounted onto cardboard tabs with epoxy. Monotonic loading tensile

tests were performed to determine the ultimate failure load and the optimum precrack load.

Modal acoustic emission (AE) was monitored with sensors attached to the epoxy just above

and below the minicomposite gage-section. The AE analyzer (Digital Wave Corporation,

Englewood, CO) recorded and digitized the true sound wave form for each event on both

channels (sensors). The number of events and location of each event could then be

determined once the speed of sound was estimated. The details of the AE analysis are

included in the Appendix.

Constant-load stress rupture tests were run in a dead-weight load stress-rupture rig.

A furnace was located at the center of the minicomposite. The total length of the furnace



was35mm with a hot zoneof 12mm. Thesetestswererunat 700°C,950°C,and 1200°C.

Theminicompositeswerefully loadedbeforeincreasingthetemperatureat 100°C/minup to

thetest temperature.Theminicompositeswereprecrackedat room temperaturewith loads

of 119or 126N, which correspondsto acompositestressof 280 or 295MPa,respectively.

The fatigue testswere also run at 700°C,950°C,and 1200°Cwith the universal

testingmachineandsamefurnaceset-up.The load wascycled from a minimum stressof

25-50MPa to thepeakstress.The loadingfrequencywas0.01Hz (100s percycle) for all

the experiments.For the fatigue tests, the load-cyclewas begunafter reachingthe set

temperature.Thepeakloadwasappliedprior to andduringheatingjust as for the rupture

tests.Theminicompositeswerealsoprecrackedprior to thecyclic testat280MPa.

Someminieompositeswere polished longitudinally after testing, and the crack

spacingwasmeasuredby opticalmicroscopy.Thefracturesurfaceswereobservedusinga

scanningelectronmicroscope(SEM) JEOL840A (JEOL,Tokyo, Japan).

lII. RESULTS

a) Room Temperature Mechanical Testing

The load versus time curve for a typical monotonic loading experiment is shown in

Figure 1. The curves are linear up to approximately 84.4 N (200 MPa composite stress),

when matrix cracking starts to occur. The occurrence of AE events (also shown in Fig. 1)

indicates that the change in slope is associated with matrix cracking. The cumulative

number of AE events and the cumulative total energy increase at the same rate. The

ultimate failure composite stress ranged from 280 to 350 MPa; however, most of the

minicomposites (approximately 75%) failed between 310-325 MPa, with an average

strength of 317 -4-26 MPa. The average ultimate strength of the fibers determined by the

cross-sectional area of load-bearing fibers (fully loaded) was 2000 4- 200 MPa. The strength

of individual HN fibers (25.4 mm gage length) is _ 2800 MPa whereas the average strength

of as-produced tows of HN (25.4 mm gage length) is - 1700 MPa [14]. Based on equation

2, the actual fully-loaded gage length is on the order of 30 to 50 mm, therefore, in

comparison to single tow strength, no strength loss due to minicomposite fabrication

occurred.



Figure 2 showsthe cumulativenumberof eventsrecordednormalizedby the gage

lengthof theminicompositespecimen.The natureof AE activity wasvery consistentfor

the specimenstested. For severalsamples,the numberof crackswas measuredfrom

polishedlongitudinal sections. The crack spacingwas determinedfrom the numberof

crackscountedover a given lengthof minicomposite. Table AI (Appendix) showsthe

nearlyone-to-onecorrespondencebetweenthe numberof highestenergyeventsrecorded

andtheestimatednumberof cracksin thegagesectionof theminicomposite.

b) Elevated Temperature Mechanical Testing

The data from the constant load stress-rupture experiments are plotted in Figure 3a

and 3b as the stress applied (if fibers were fully loaded) versus the time to rupture (the

arrows indicate the minicomposite did not fail). These data are plotted together with

previous data from C-NIC minicomposites (Fig. 3a) and BN-HN minicomposites (Fig. 3b)

[2]. The C-HN minicomposites have longer survival times than the C-NIC minicomposites

at 700°C although for higher loads the two curves tend to blend together. The C-HN

minicomposites have shorter survival times than the BN-HN minicomposites especially at

700 and 950°C. All the samples broke in the hot region of the furnace. For these tests the

minicomposites were precracked at 280 MPa (composite stress).

Stress-rupture tests were also performed using a larger precrack load. In Figure 4 the

C-I-IN data from Figure 3 (where a precrack load of 280 MPa was used) are plotted

compared with the data from samples precracked at 295 MPa. At 700°C and 950°C the time

of survival decreases with increasing precrack load. At 1200°C this effect was not as

pronounced as at the lower temperature tests. The use of a larger precrack load introduced a

greater amount of scatter in the data. The precrack stresses of 280 MPa (load of 119 N) and

295 MPa (load of 126 N) correspond with 88% and 93% of the average strength

respectively. The preerack load used in a previous work for C-NIC and BN-HN was 60%

(110 N) and 78% (111 N') of the average strength, respectively. Since the fraction of the

average strength using the lower precrack load is closer to the previous ones, the results

with the samples precracked at 280 MPa were the ones used for comparison.

The results from the fatigue experiments are plotted in Figure 5 together with the

stress rupture results from samples precracked at 280 MPa (same precrack load). The time
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takenfor thefatigueexperimentsis thetotal time undercyclic loadingconditions.At 700°C

the behavior is essentiallythe sameas the constantload conditions.The minicomposite

resistanceto fatiguerapidly decreasedat 950°C.At this temperaturethe samplestestedat

thehighestpeakstressfailed in the first or secondfatiguecycle (for peakstressesover75

MPa, thestresson the fiberswherefully loadedwould be 500MPa). For the testsrun at

700°Cand950°C,failure alwaysoccurredin the hot zoneof the furnace.For all the tests

runat 1200°Cthefailureoccurredoutsidethehot zoneregion,about2cm from thecenterof

the furnace. In these regions the temperatureis approximately 900°C based on the

temperatureprofile of the furnace.Thedatafrom thesetestswere very similar to thedata

from thetestsrunat 950°C.

Someof the minicompositesdid not fail after very long rupture times (e.g. 1000,

500,and400MPa for 700°C,950°C,and1200°C,respectively).Thesetestsaswell assome

tests at shorter times were stoppedbefore rupture and the retained strengthsof the

minicompositeswere determinedat room temperature.The general trend was higher

rupturetemperaturesresultedin lowerretainedstrength(TableI).

c) Microstructural characterization

Figures 6 and 7 show the range of observed microstructural features observed on

fracture surfaces after for C-I-IN minicomposite specimens tested between 700 and 1200°C.

Figure 6 shows a micrograph of a typical fracture surface for a stress-rupture test run at

700°C. Due to the fibrous nature of these minicomposites fracture often occurs at different

planar levels, although at each "level" the matrix fracture surfaces were fiat. For short-term

rupture (t<0.1 hr.) there was some fiber pullout. For longer rupture time at 700°C some

regions of the minicomposite fracture surface showed relatively long pullout lengths (Fig.

6_. However, this increase in length was not uniform throughout the sample. Even though

the carbon interphase was removed by oxidation resulting in a gap between the fiber and

matrix.

At 1200°C the formation of SiO2 is more evident on the surface of the CVI SiC

matrix and in the gap that was formerly the C interphase (Figure 7). Two different regions

are noted in this sample. The higher magnification insets in Figure 7 show that the crack

had propagated through part of the sample prior to failure, where the matrix region is

J



clearly oxidized. Part of the failure matrix crack surface was not oxidized. Apparently, the

non-through thickness matrix crack propagated through an uncracked section of matrix at

ultimate minicomposite failure. However, the C interphase was removed and fibers were

strongly bonded to the matrix in this region, presumably from oxidation through another

matrix crack and along the vacated interphase channel. A SiO2 scale did not cover the fiber

fracture surfaces because the fibers did not fail until minicomposite ultimate failure.

The fracture surfaces of the stress-rupture test performed at 950°C (not shown)

contain little if any fiber pull out even for very short-term rupture because the oxide

reaction product nearly fills the gap leg by the vacated interphase. Bonding between the

fiber and matrix was obviously strong.

IV. DISCUSSION

a) Stress rupture: Comparison with previous data.

In Figure 3a the stress rupture data at 700°C is compared with previous data from

NIC minicomposites with a carbon interphase. In both cases the minicomposite rupture is

due to fiber degradation, as the matrix-fiber bonding associated with SiO2 formation is

negligible. For this reason the better properties of C-HN versus C-NIC are clearly related

with the better thermal stability of the HN fibers. The stress-rupture resistance of the C-I-IN

minieomposites, however, is inferior to BN-HN (Fig. 3b).

In order to compare minicomposite data at different temperatures and fiber fast

fracture data, the Larson-Miller (LM) approach [15,16] was used. In this empirical

approach the effect of temperature and time are combined in one parameter:

q = T(logt n + C) (3)

where T is the temperature (in K), t R the time (in hr), and C the Larson-Miler constant,

which was found to be 22 for both NIC and HN fibers [i7]. In Figure 8 data obtained in this

and previous studies [2] are plotted as the applied rupture stress versus the LM parameter

(q). The room temperature (RT) failure stress was 2020 MPa, 2300 MPa, and 2100 MPa

for C-I-IN, C-NIC, and BN-HN respectively. Also plotted in Figure 8 is the data for stress-

rupture of as-produced HN fibers [17]. The room temperature strength of the I-IN fibers

studied in reference 15 was 2800 MPa. It was shown in reference 16 that HN-BN



minicompositeswith differentRT strengthshadthe samerupturebehaviorat low andhigh

temperaturesasthe fibers (i.e. sameslopeon ln(_) vs. q). However,the absoluterupture

strengthswere lower for the lower RT strengthminicompositesin proportion to the

absolutestrengthof the as-producedfibers. Therefore,normalizing the RT as-produced

fiber strengthto 2100 MPa was used for comparisonof the as-producedfiber rupture

propertieswith the minicompositestress-rupturedata. If the fiber degradationis merely

dueto the fiber degradationobservedfor as-producedfibers, the minicompositerupture

datashoulddecreasethe sameasthe fiber data if the startingstrengthof the fiberswere

2100MPa.

The C-HN andBN-HN minicompositepropertiesarecloserto the individual fiber

rupture behavior at low and high temperatures.At intermediatetemperaturesthere is

degradationof the minicompositebehaviorcomparedto theindividual fiber becauseof the

embrittlementassociatedwith fiber-matrixbondingdueto SiO2formation. Figure 8 shows

theimprovementin rupturepropertiesof BN interphaseover the C interphase. It is also

clear from Figure 8 that C-NIC sufferedmore seriousfiber degradationdue to oxidation

thanC-I-IN.

At 700°Cthe lossof carbonby oxidationresultsin long load-bearinggagelengths

for theHN fibers.Theoxidationkinetic of acontinuouscarbonphasewasstudiedby Eckel

et al. [19]. If we assumethat theoxidation is controlledby the diffusion of oxygen,the

recessionlength(_) is:

= kpV2t 1'2 (4)

where kp is the parabolic rate constant and t the time. For an opening of 0.4 _m (carbon

interface thickness), 1% is 10 .8 m2s l [19], and approximately 6 mm of carbon interphase

length would be lost in about 1 hour. This would correspond to the entire hot zone gage

length for a minicomposite with one crack in the hot zone region. The fiber length exposed

to the maximum load when the interphase was completely oxidized was about 25 times

larger than the fiber length if there was no oxidation of the interface (assuming one crack,

as in the Introduction). This difference in load-bearing length will result in a decrease in

strength of 47% to 28% for a Weibull modulus from 5 to 10. For more than one crack in the

hot zone, a smaller reduction in strength would occur. This gage-length effect best explains

the decrease of strength of C-HN compared with BN-HN since the rupture strength of the



C-HN minicompositesareapproximately25%reducedcomparedto theshortergage-length

loadedBN-HN minicomposites.

The presenceof fibers with no pullout on the fracturesurfacewas observedfor

someof thefiberson the minicompositefracturesurfacestestedat 700°Candoccurredfor

all of thefiberson theminicompositefracturesurfacestestedat 950°C. This indicatesthat

strongbondingof thefibers to thematrix wasa factorat thesetemperatures.Whenoneor

morefibersfailed ator awayfrom thematrixcrack,theaddedloadto theneighboringfibers

in the matrix crack would be enhanceddue to strongbonding resulting in local stress-

concentrations.This causesmost of the fibers to preferentially fail in the planeof the

matrix crack.The longerrecessiondistancewith C interphasesnot only increasesthe fiber

gagelength,it also allows fibers to bondmorequickly comparedto BN interphases.The

BN interphaseonly recessesa few microns separatingthe fiber from the matrix. For C

interphaseminicomposites,after total C interphaseremoval,the fibers are free to move

towardsandcontactthematrix.

At 1200°C,SiO2formationis extensive.The stress-rupturepropertiesappearto be

controlledby the creepof the fibersandaresimilar for both minicompositesystems.The

differencesbetweenC andBN interphaseHN minicompositesat 1200°Cstill couldbedue

to a slowerrecessionof theBN interface.

b) Dependence of the stress-rupture behavior on precrack load

The load-time curve of Figure 1 indicates that cracks are being created in the

minicomposite up to failure. It is clear then that the increase of the precrack load from 280

to 295 MPa implies an increase in the number of matrix cracks. Based on the direct

relationship between the number of cracks and AE events (Table A1) and the number of

events recorded for several samples as a function of load (Figure 2), there would be one or

two cracks in the hot zone after the 119 N precrack load. For the 126 N precrack load,

between 2 and 4 cracks would be estimated in the hot zone. A larger number of cracks

cause faster oxidation of the entire interphase in the hot zone. This results in a larger length

of the fiber holding the maximum load (at least for short tests), more environmental

degradation of the fibers, and more locations for stress concentration associated with SiO2

formation and the strong bonding between fiber and matrix. All these factors would cause a
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decreasein the stress-mptfiresurvivaltime. During theprecrackloadingstep,it wasrather

common(approximately25% of thecases)for compositesto fail between290to 295 MPa.

This indicatesthat, in additionto an increasein thecrackdensity,a greateroccurrenceof

fiber failure would be occurring in minicompositesprecrackedat 295 MPa than at 280

MPa, andcouldalso contributeto thepoorerstress-rupturebehaviorcomparedto samples

precrackedat 280 MPa (Fig. 6). At 1200°Cfailure is dominatedby the creep-rupture

behaviorof thefibers,explainingthesmallerdependenceof thesurvival time with precrack

loadfor this temperature.

e)Fatigue

The results from fatigue experiments(Fig. 5) clearly indicate that it is at

intermediatetemperatureswhenthe relativemovementof matrix and fiber, due to fatigue,

affect the survival time most dramatically. This is presumably due to the local

concentration of stress during fatigue on the sites where the fiber and matrix are bonded

because of the SiO2 formation. At 1200°C the minicomposite failed about 2cm from the

center of the furnace. In these regions the temperature is approximately 900°C. This shows

that the resistance to fatigue is worse at intermediate temperatures than at 1200°C even

though a greater amount of oxide reaction product is formed at 1200°C in the matrix cracks

than at intermediate temperatures. SiO2 at 1200°C does flow to some extent and may relieve

some of the stress-concentrations produced at the fiber-SiO_-matrix bond compared to

lower temperatures where no relaxation of the glass product would be expected. At 700°C

the fiber and matrix are not fully bonded as evidenced by the occurrence of fiber pullout

(Figure 7) and the differences between fatigue and stress rupture are not as significant as at

950°C.

d) Retained strength

The retained strengths at room temperature of C-HN minicomposites that did not

fail during the rupture test are listed for C-HN and BN-HN [2] minicomposites in Table I.

For rupture conditions at 700 and 900°C, the retained strength of BN-HN minicomposites

are significantly better than for C-HN minicomposites. This is most likely due to the

slower recession of BN which enables the fibers to be separated from the SiC matrix.
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Higher temperatures are required to form enough oxide reaction product, for BN-HN

minicomposites, in order to fill the gap between the fibers and matrix. In comparison, the

fibers in C-I-IN minicomposites are observed to be in intimate contact with the matrix

shortly after the C layer was removed by oxidation at 700°C (e.g. Figure 6). After 1200°C

rupture conditions, the vacated interphases are completely filled by the glass reaction

products for both systems and the retained strength data for C-HN and BN-HN

minicomposites are nearly identical.

CONCLUSIONS

The stress rupture properties of HN fiber-reinforced CVI-SiC minicomposites with

carbon interphase were studied at temperatures ranging from 700 °C to 1200 °C. The stress-

rupture lives of C-HN are by far superior to C-NIC presumably due to the lack of fiber

decomposition/reaction during CVI SiC processing that occurs for NIC fibers. This study

demonstrates that C-HN minicomposites have worse mechanical properties at 700°C and

950°C than the BN-HN minicomposites previously studied, due to the removal of carbon

interphases and the ease with which fibers bond to the matrix. Therefore, BN interphases

are more environmentally stable in the intermediate temperature regime. At 1200°C the

improvement of the BN interphase over the carbon interphase was not quite as significant

as at the lower temperatures; the stress rupture and fatigue properties predominantly being

controlled by the fiber properties. This study also shows that AE emission can be used on

this system as a reliable quantitative method to monitor damage in this system.

APPENDIX: ACOUSTIC EMISSION DETECTION AND ANALYSIS OF

MINICOMPOSITE TENSILE TESTS

The AE set-up was similar to previous studies [20,21]. However, wide-band

sensors were used to detect AE activity in order to capture and digitize the waveform. This

approach provides greater accuracy in sorting out gage events and correlating individual

events with physical sources [20]. Figure A1 shows a schematic of the tensile test. For
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mosttests,only twowide band(50kHz to 2MHz) sensors"were attachedwith alligator

clipsto theepoxy. Fortwo experiments,four widebandsensorswereattachedto the

epoxy,two wide-bandandtwo resonantfrequency"(thesameasusedin theearlier

studies).ThedatawascollectedonaDigital Wave(Englewood,Colorado)FractureWave

Detector. After thetest,thesamesoftwareusedto collectthedatawasusedto analyzethe

data. For experimentswith only two sensors,100to 200eventswererecorded.For

experimentswith four sensors,up to 600eventswererecordedbecausetheresonant

frequencysensorsweremuchmoresensitive,especiallyto lower frequencyAE.

Post-testanalysisconsistedfirst of determiningthespeedof soundthroughthe

samplein orderto locatethesourcesof theAE eventsandto sortout eventswhich occurred

outsideof thegagesection.Pencil-leadbreakshadbeenperformedprior to atensileteston

theepoxyof anundamagedspecimenoutsideof thesensors,sothatthe soundwaves

producedby thefractureof thepencil-leadtraveledfrom onesensorto thenext, andtheAE

datawassavedona separatefile. Themaximumdifferencein time of arrival, At,,,from one

sensorto thenextwasdeterminedfrom thefirst peakof thesoundwave(extensionalwave)

receivedonbothsensorsfrom thelead-breakevent[21]. As acompositeformsmatrix

cracksduringtestingtheelasticmodulusdecreasesandthespeedof sounddecreases

resultingin anincreasein At`. For thetensileexperimentAE data,themaximumdifference

in time of arrivalwasdeterminedasafunction of loadandthespeedof sounddetermined

from thedistancebetweenthetwo sensorsdividedby At`.FigureA2 showsthedecreasein

speedof soundof theextensionalwavewith load. Thiscorrespondsto thereductionin

squareroot of theelasticmodulusof thespecimenasmatrixcrackingoccurs.

The reductionin speedof soundis about 12%. Sincethe speedof soundof the

extensionalwave is directly proportional to the squareroot of the elastic modulus, the

elasticmodulusis reducedby approximately23%. This is not asgreatareductionin elastic

modulusasin wovenmacrocomposites,- 60%,thatreachastateof matrix crack saturation

at relatively low composite stresses [21].

The events that were determined to occur outside of the gage section, i.e. events

with difference in time of arrival, At, equal to At,, were removed from the data set. The

" Model B 1080, Digital Wave Corporation
"" Model "Pico", Physical Acoustics Corporation
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location of each event along the gage length of the specimen could then be determined

based on At, At,, and the sensor which received the signal first [21]. Figure A3 shows an

example of event location as a function of load. The acoustic energy was determined for

each event. It was observed that for the specimens where only two sensors were used, all of

the AE event energies were within two decades of energy from one another. However, for

the specimens where four sensors were used, the spread in AE energies was over three

orders of magnitude. Also, many AE events were triggered by the more sensitive resonant

frequency transducers. These events would never have triggered the wide-band sensors

alone at the preamplification settings used. The events were therefore filtered according to

AE energy where only the two highest decades of energy events were used to relate to the

accumulated damage. Table A1 shows the event statistics along with the measured crack

spacings for five specimens. Note the excellent agreement between the estimated number

of cracks over the entire gage length of the samples compared to the highest two orders of

magnitude AE energy events. The cumulative number and energies of the sorted AE events

were used for Figures 2 and 3.
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FIGURE CAPTIONS

Figure 1- Typical load vs. time curve for a monotonic loading experiment (specimen h3hc39). The number

and cumulative energy (in arbritary units) of the AE events are also shown.

Figure 2: Number of events per millimeter versus load for several specimens tested at room temperature.

Figure 3- Minicomposite stress-rupture data. A) Compared with previous data on Nicalon minicomposites

[1]. B) Compared with previous data on BN-HiNic minicomposites [2].

Figure 4- Minicomposite stress-rupture data for two different precrack loads.

Figure 5- Peak stress for fatigue experiments versus the survival time and comparison with stress-rupture

data.

Figure 6- Typical fracture surface ofC-HN minicomp0site for stress ruptures at 700 °C (1183 MPa, 5.9 hr).

Figure 7 - Fracture surface of a C-HN minicomposites for stress rupture at 1200 °C (439 MPa, 217 hrs).

Figure 8- Plot of the stress on fibers if fully loaded versus LM parameter. Previous data included [1 ]. See text

for further discussion.

Figure AI: Schematic of room temperature tensile test.

Figure A2: Speed of sound versus load for specimen h3hc70.

Figure A3- Location of the AE events along the length of the mirticomposite (h3hc70) during a tensile

monotonic loading test as a function of tirne.
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Table I: Retained Strength at Room Temperature Data

for C-HN and BN-HN Minicomposites

Minicomposite Temperature, Applied Time at Retained % of As-

°C Stress, Stress, Strength, Produced
MPa Hr. MPa Strength*

C-HN 700 328 50 1389 69

700 1099 358 1114 56

950 590 94 683 34

950 655 337 732 37

950 655 337 766 38

1200 439 3 512 26

1200 439 17 544 27

1200 439 162 491 25

BN-HN 700 996 400 2260 - 100

816 951 324 1411 67

950 1019 252 1630 77
1200 328 882 525 25

1200 385 965 792 38

* The average ultimate strength (of the fibers if fully loaded) for as-produced C-I-IN = 2000 MPa and for as-
produced BN-HN = 2100 MPa.



Table AI" AE and Matrix Crack Data for Several Room

Temperature Tested Minicomposites

] !
!

Gage ISpeed of Number

Length, ! Sound*, of Events
, mm mls

140
158

i

!Specimen

I h3hc76 168
h3hc77 170

!

13861
15192

212
579

13228 132
12500 87

Failure

Load, N

151

Crack

spacing,
mm

[
i52

143 i0.96
138 I 1.671

0.56 L

No. of Events i Estimated

With Highest 2 Number of
' Decades of AE Cracks In

Gage
Energy

135
238
149
132
87

Length

250
133
146
84

* Extensional wave
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Fig. 1- Typical load vs. time curve for a monotonic loading

experiment (specimen h3hc39). The number and cumulative

energy (in arbritary units) of the AE events are also shown.
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several specimens tested at room temperature.
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Fig. 6- Typical fracture surface of C-HN minicomposite for

stress rupture at 700 °C (1183 MPa, 5.9 hr).



Fig. 7 - Fracture surface of a C-HN minicomposites for

stress rupture at 1200 °C (439 MPa, 217 hrs).
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