
NASA / TM--1998-208497

Probabilistic Modeling of High-Temperature

Material Properties of a 5-Harness 0/90

Sylramic Fiber/CVI-SiC / MI-SiC

Woven Composite

Vinod K. Nagpal

Modem Technologies Corporation, Middleburg Heights, Ohio

Michael Tong and P.L.N. Murthy
Lewis Research Center, Cleveland, Ohio

Subodh Mital

University of Toledo, Toledo, Ohio

National Aeronautics and

Space Administration

Lewis Research Center

October 1998

https://ntrs.nasa.gov/search.jsp?R=19980236866 2020-06-15T22:12:50+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42769374?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


NASA Center for Aerospace Information
7121 Standard Drive

Hanover, MD 21076

Price Code: A03

Available from

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22100
Price Code: A03



PROBABILISTIC MODELING OF HIGH-TEMPERATURE MATERIAL

PROPERTIES OF A 5-HARNESS 0/90 SYLRAMIC FIBER/CVI-SIC/

MI-SIC WOVEN COMPOSITE

Vinod K. Nagpal and Michael Tong

Modern Technologies Corporation

Middleburg Heights, Ohio 44130

P.L.N. Murthy

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

and

Subodh Mital

University of Toledo
Toledo, Ohio 43606

SUMMARY

An integrated probabilistic approach has been developed to assess composites for high temperature applications.

This approach was used to determine thermal and mechanical properties and their probabilistic distributions of a

5-harness 0/90 Sylramic fiber/CVI-SiC/MI-SiC woven Ceramic Matrix Composite (CMC) at high temperatures. The

purpose of developing this approach was to generate quantitative probabilistic inform-ation on this CMC to help

complete the evaluation for its potential application for HSCT combustor liner. This approach quantified the
influences of uncertainties inherent in constituent properties called primitive variables on selected key response

variables of the CMC at 2200 °F. The quantitative information is presented in the form of Cumulative Density

Functions (CDFs), Probability Density Functions (PDFs) and primitive variable sensitivities on response. Results

indicate that the scatters in response variables were reduced by 30 to 50 percent when the uncertainties in the

primitive variables, which showed the most influence, were reduced by 50 percent.

INTRODUCTION

The l_nabling Propulsion Material (EPM) Project team of NASA Lewis Research Center is evaluating the Sylramic

fiber/CVI-SiC/MI-SiC 0/90 5-harness woven composite for its potential applications for combustors liner in the High

Speed Civil Transport (HSCT). This study was initiated to generate quantitative inform-ation needed to characterize the

behavior of this composite. This intbrmation was considered to be an essential pan of the evaluation process.

The 0/90 woven composite is constructed with two sets of mutually orthogonal sets of fiber tows inter-laced with

each other, to form a layer. The layer is then coated with BN by means of chemical vapor infiltration (CVI). The CVI

process is also used to deposit SiC into the fiber tow (CVI-SiC). This CVI-SiC matrix fills up the fiber tow area and gen-

erally forms a thin coating around the fiber tow. Melt-infiltrated process is then used to deposit the SiC between the fiber

tows(MI-SiC). A typical section of a 5-harness (every 5th tow is woven) composite is shown in figure 1.

Propulsion System components in the HSCT are required to have an assured life of several thousand hours. The
process of reliability estimations for these components is quite complex and requires a knowledge of uncertainties

that occur in various scales and at various stages. Unlike conventional materials, the pro-perties of the CMC display
considerable scatter because of the uncertainties involved at two levels. The two levels are ( 1 ) the constituent level

(fiber, matrix, and interphase) properties and (2) the fabrication level. The uncertainties at these two levels cause
scatter at the laminate level. The laminate level includes fiber volume fraction, interphase thickness and properties,

matrix void w_lume fraction and geometrical parameters of the laminate-such as fiber tow spacing and the fiber

count per tow.
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It is necessary to quantify scatter in the selected key response variables by taking into account the inherent

uncertainties in the variables at levels (1) and (2), also called primitive variables, in order to he able to assure the

required reliability of structural components.

Fabrication related variables consist of boron nitride (BN) coating thickness, fiber tow spacing, fiber and void

volume tractions. Material variables consist of moduli, thermal conductivities, and thermal expansion coefficients of"

Sylramic fiber, CVI-SiC and MI-SiC matrices, and BN coating. The selected key response variables are those that

characterize the composite behavior such as the in-plane modulus, through-thickness thermal expansion coefficient

and thermal conductivity.

In the current practice of"deterministic approaches, uncertainties are usually accounted for by the safety factors.

This could often result in a design with unquantifiable risk of failure. Not knowing the risk of failure quantitatively

may raise major obstacles in the application of CMCs for aerospace components.

OBJECTIVES

The primary objective of this work is to characterize the selected CMC when there are uncertainties in the con-

stituent properties and fabrication related variables. The response characterization consist of predicting the mean

values their standard deviations and probability distributions. Such in_brmation is extremely valuable for selection of

a material because it provides a way to determine the risk of failure. Also this information is essential in developing
a cost effective service/maintenance schedule.

The specific objectives of the current study are to:

1. Estimate the composite properties and their probabilistic distributions of a 5-harness 0/90 Sylramic

fiber/CVI-SiC/MI-SiC woven ceramic matrix composite (CMC), accounting for the uncertainties in

its constituent properties and fabrication related variables.

2. Quantify the influence of uncertainties in the material ar.d fabrication related variables on the overall
thermal and mechanical properties of the CMC and identify the most influential ones

3. Quantify the scatter in the key response variables when the tolerances are tightened on the most

influential primitive variables

Variable of the Study

Primitive Variables.--These include constituent property variabl,;s and fabrication related variables. The

constituent property variables include fiber Young's Modulus, thermz I conductivity, and coefficient of thermal

expansion of fiber, Young's Modulus thermal conductivity and coefficient of thermal expansion of matrix, Young's

M(xtulus. thermal conductivity and coefficient of thermal expansion c_finterface. The fabric-ation related variables

are interlace thickness, fiber tow spacing, fiber volume fraction, and ,_oid volume fraction.

Response.--These are in-plane modulus, through thickness thermal expansion coefficient and thermal

conductivity of laminate.

Analysis Approach

The approach used in this study was to combine ceramic matrix composite analysis figure 2. embedded in the

computer code CEMCAN (Ceramic Matrix Composite Analyzer) (rels. 1 to 2) and fast probability integration

techniques (FPI) available in NESSUS (Numerical Evaluation of Stochastic Structures Under Stress) (ref. 3).

A schematic of the integrated approach is shown in figure 3.

Fast Probability Integrator (FPI), which is a part of NESSUS codz, was used to perform probabilistic analysis

utilizing the properties generated by CEMCAN. In addition, FPI was ased to perform sensitivity analysis to rank

primitive variables in order of magnitude of their influence on a specific response variable.

The primitive variables are assumed to be independent and have normal distributions. For most engineering

problems, variables have generally been seen to have normal distributions. In some cases vari-ables have Iognormal

and Weibull distributions. These distributions are not significantly different torm the assumed distribution.
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Theprimitivevariablesareperturbedwithintheirassumeddistributions.Responsevariablesareestimatedfor
eachsetofvaluesofprimitivevariables.Basedonallthevaluesthusgenerated,distributionsoftheresponse
variablesaregenerated.

FPIisalsousedtogenerateProbabilityDensityFunctions(PDF)andCumulativeDensityFunctions(CDF)for
ply/laminatepropertiesoftheCMC.A PDFgivesarelationshipbetweenarangeofvaluesofaproperty(response
variable)andtheprobabilityofitsoccurrence.A CDFgivesarelationshipbetweenavalueuptocertainmagnitude
ofapropertyandtheprobabilityofitsoccurrence.Inaddition,theresponsevariablesensitivitiestoinherentscatter
inprimitivevariablesareobtainedfromFPI.

SimulationTechniqueandStepwiseProcedure

Thereareanumberofapproachesavailableforobtainingprobabilisticresponseforagivensetofindependent
primitivevariables.OneapproachwhichiscommonlyusediscalledMonte-Carlosimulationtechnique.Whilethis
approachprovidesalmostexactsolutions,it isfairlyexpensiveandtimeconsumingapproach.

IntheMonteCarlotechnique,randomvaluesoftheinputvariablesareselectedfromtheirdistributions.These
inputvaluesareusedtocomputethevaluesoftheresponsevariablesdeterministically.Thisprocessofselecting
randominputvaluesandcalculatingcorrespondingresponsevaluesiscalledacom-putationalrunhereonwards.
Generally,it requirestensofthousandsofcomputationalrunstobuildreasonablyaccurateprobabilisticdensity
distributionsofresponsevariables.

TominimizethenumberofcomputationalrunstodevelopPDFswithoutsacrificingaccuracy,NASALewis
tookinitiativetodevelopaProbabilisticStructuralAnalysisMethod(PSAM).PSAMincludesacodecalledFast
ProbabilityIntegrator(FPI).FPIapproximatesMonteCarloTechniquefairlyaccuratelytodevelopPDFsand
requiresseveralordersofmagnitudelessnumberofcomputationalruns.Thisc_xlewasdevelopedtosolvealarge
classofengineeringproblems.

A4stepproceduretocharacterizethebehavioroftheselectedCMCusingintegratedapproachisasfollows:

1. Selectedthekeyresponsevariable(s)andcorrespondingprimitivevariablesandtheirprobabilistic
distributions.

2. RanCEMCANfortheselectedsetof values('means & standard deviations) of primitive variables to

get material properties using the micro-macro-mechanics.

3. Used FPI to generate a table of laminate property (key response variables) values that correspond to

perturbed values of the primitive variables.

4. Ran FPI making use of the previously generated table to compute the CDF and the corresponding

sensitivities of the response and rank the primitive variables in the order of their influences.

Sensitivity values could be + or - in nature. A positive value indicates that particular primitive variable has a

direct effect on the response variable and negative value indicates an inverse effect. Variable with the highest

absolute sensitivity value is defined to be the most influential variable. Variable with next lower absolute sensitivity
value is second most influential variable and so on. This defines the order of influence of the variables.

The sensitivity information thus obtained from FPI is very useful from the design point of view. For example,

reliability in design can be improved when uncertainties in the most influential variables are reduced. Those primi-
tive variables which do not have significant influences deterministically could never-theless have strong influences

on the response scatter if these primitive variables have large uncertainties. Weak physical variables with large
uncertainties may have probabilistic sensitivity factors more important than strong physical variables with small

standard deviations. Variables with no scatter (deterministic) will obviously result in zero values lbr the sensitivity

implying that the scatter in the key response variables is unaffected by such variables.

RESULTS AND DISCUSSIONS

Mean values and standard deviations of the primitive variables arc shown in table I. Mean values in this table

have been obtained from a NASA report (ref. 5) Standard Deviations of the means have been estimated based on

years of experience of professional's in this field. As mentioned before, scatters in composite properties have been
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observedatvariouslevelsbothduetoinherentuncertaintiesinthemlterialpropertiesandfabricationprocesses.
Uncertaintiesmaybepresentattheconstituent(fiber,matrixorinterphase)levelandattheplylevel(fibervolume
ratio,voidvolumeratio,thicknessofinterfacialregionetc.)

Themeanvaluesandstandarddeviationsobtainedfortheselectedkeyresponsevariablesusingtheinformation
givenintableI andthisstudyapproach,arelistedintableII. Alsolistedinthistablearethevaluesofthesame
responsevariablesobtainedexperimentally.ThesevalueshavebeenprovidedbyNASALewispersonnel.The
predictedvaluesandexperimentallyobtainedvalueshaveremarkableagreements.

Thescatterinthekeyresponsevariablesinthisstudyrefersto- and+ threestandarddeviationsfromthemean
value.Thisrangewasparticularlyselectedbecausethisisthestandardusedbythedesignersparticularlyinthe
Aerospace Industry to design components for over 99 percent surviv:d rate.

Constituent properties include fiber modulus, matrix modulus, coating modulus, thickness of the BN coating, coeffi-

cients of the thermal expansion of the fiber, matrix and the interphase, tilermal conductivities of the fiber. Fabrication

related variables include coating thickness, fiber tow spacing, fiber volume fraction and void volume fraction.

In-plane and through-the-thickness Young's Modulus, and coefficient of thermal expansion and thermal

conductivity are selected to be the key response variables. In-plane and through-the-thickness Young's Modulus are

selected to characterize the CMC's mechanical behavior, and coefficients of thermal expansion and thermal conduc-

tivity to characterize thermal behavior.

The probability and cumulative density functions of in-plane Young's Modulus, along with its sensitivity to the

various primitive variables are shown in figures 4 to 6. Relative frequency in figure 4 means how often a given value

of a variable will be obtained when a very large number of tests are conducted. The computed mean value of

in-plane modulus for the selected CMC is 33.33 Msi: with a 3 sigma scatter range of 29.54 to 37.13 Msi.

As expected, the three most influential variables for in-plane Young's Modulus are fiber and CVI-SiC moduli,

and fiber tow spacing (fig. 6). In controlling the scatter in the in-plane modulus, an outstanding pay-off will result

from controlling the scatter in the fiber and CVI-SiC moduli, and fiber tow spacing. Other primitive variables such

as modulus of the BN coating and void volume fraction have negligible influence.

These results imply that tightening the tolerances of CVI-SiC moduli and fiber tow spacing will result in lower

scatter in the CMC in-plane modulus. Tightening tolerances in the remaining primitive variables will result in a zero

to marginal reduction in the scatter. To estimate the reduction in the scatter, the PDF of the modulus was regenerated

with the uncertainties of the three most influential variables, i.e., fiber/CVI-SiC/MI-SiC m_xluli, reduced by
50 percent. It shows that the scatter range of the in-plane modulus is reduced by 29 percent. The results are shown

in figure 7.

The CDFs, PDFs were developed (not shown from here onward,,,) and sensitivity analysis was performed on

through-the-thickness Young's Modulus. The sensitivity analysis show that all the primitive variables considered,

with the exception of fiber and BN moduli, and void volume h'action, significantly influence (with sensitivity factor

more than 0.3) the scatter in through-the-thickness Young's Modulus figure 8. By reducing uncertainties of the top

three most influential variables (tiber volume fraction, BN thickness, and fiber tow spacing) by 50 percent, the

scatter in the through-the-thickness ply modulus is reduced by 35 pelcent, figure 9.

Sensitivity analyses results Ior in-plane and through-the-thicknez.s thermal conductivities are shown in

figures 10 and I 1, respectively. The predicted scatter for the in-plane thermal conductivity is 8.82 to

12.29 Btu/hr-ft-°F and for through-the-thickness is 7.16 to 10.49 Btu'hr-ft-°F. Fiber thermal conductivity is the most

influential variable t_)r in-plane composite thermal conductivity whil_ the BN coating thermal conductiv-ity is the

most influential lor through-the-thickness thermal conductivity. Also, two other primitive variables, CVI-SiC and
MI-SiC conductivities significantly influence the in-plane conductivity.

In case of through-the-thickness thermal conductivity, there are _;additional variables which have significant

influence. They are BN thickness, fiber conductivity and CVI-SiC c_ nductivity. Fiber tow thermal conductivity
(i.e., fiber and CVI-SiC conductivities) has the most influence on the scatter of the in-plane thermal conductivity.

Void volume fraction has negligible influence on both the in-plane a _d through-the-thickness thermal conductivities.

By reducing the uncertainties in the top three influential variablt s by 50 percent, the scatter range of the
in-plane and through-thc-thickncss ply thermal conductivitics are recuced by 38 and 29 percent, respectively. They

arc shown in figures 12 and 13.
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Sensitivityanalysesforin-planeandthrough-the-thicknesscoefficientsofthermalexpansionareshownin
figures14and15.Thepredictedmeanvaluesofin-planeandthrough-the-thicknesscoefficientsofthermalexpan-
sionareessentiallythesame3.37and3.29ppm/°F,respectively.Thescatterrangesforbothin-planeand
thru-thicknessexpansioncoefficientsarealsoquitesimilar2.78to3.97and2.66to3.92ppm/°F,respectively.

Forthein-planethermalexpansioncoefficient,thereare3variablesthathavesignificantinfluence.They,in
theirorderofinfluence,arecoefficientsofthermalexpansionoffiber,CVI-SiCandMI-SiC.Inthecaseof
through-the-thicknessexpansioncoefficient,thereareonly2variablesthathavesignificantinfluence.Theyalsoin
theorderoftheirsignificance,arecoefficientsofthermalexpansionofCVI-SiCandMI-SiC.Theremaining
variablesessentiallyhaveinsignificantinfluences.Thisbehaviorisexpectedasthein-planethermalexpansionof
compositeisessentiallycontrolledbythefibertows.Theseresultsaretosomeextentintuitivelyobvious.The
behaviorinthethrough-the-thicknessdirectionisessentiallymatrixdominatedandthereforethematrixproperties
havegreatereffectontheresponsescatter.

Byreducingthestandarddeviationsofthethreemostinfluentialvariablesby50percent,thescatterrangeof
thein-planeandthrough-the-thicknessplythermalexpansioncoefficientsarereducedby50and49percent,
respectively.Theyareshowninfigures16and17.

SUMMARY

Anintegratedprobabilisticapproachhasbeendevelopedandusedtodeterminethermalandmechanical
propertiesandtheirprobabilisticdistributionsfortheCMCwhichisaprimecandidatetotHSCTcombustorliner
application.

InfluencesofuncertaintiesinherentinprimitivevariablesonthekeyresponsevariablesoftheCMCat
2200°Fwerequantified.Primitivevariablesincludedmaterialandfabricationrelatedvariables.Materialvariables
aremoduli,thermalconductivitiesandthermalexpansioncoefficientsofSylramicfiber,CVI-SiCandMI-SiC
matricesandBNcoating.FabricationrelatedvariablesareBNcoatingthickness,fibertowspacing,fiberandvoid
volumefractions.

Cumulativedensityandprobabilitydensityfunctionshavebeendevelopedforallthekeyresponsevariables
whichincludeYoung'sModulus,coefficientofthermalexpansionandthermalconductivites.Also,sensitivity
analyseswereperformedtoidentifytheprimitivevariableswhichhavethemostinfluenceontheresponsevariables.
Thisinformationisdirectlyusefulforthedesigners.

Theresultsindicatethatthescatterinthekeyresponsevariableswerereducedby30to50percentwhenthe
uncertaintiesinthemostinfluentialprimitivevariableswerereducedby50percent.

ForEPMcommunity,thcresultsaremostusefulformaterialdevelopmentefforts.Theapproachdevelopedin
thisstudycouldhelpdefinewheretoexpandefforts/resourcestooptimizekeymaterialresponsevariablesandhelp
tobetterinterpretthemeasureddata.

FUTUREWORK

ThisstudyhasprovidedagoodapproachtotheselectedCMCcharacterizationandprovidedveryusefulresults.
Inordertogetthemaximumvalueoutofthisstudy,westronglyrecommendthatthisstudytobecontinuedto
completethefollowingthreeitems.Thesethreeitemsare(I )quantifyscattersofavailablelifepredictionmodels
incorporatinguncertaintiesin theirprimitivevariables,(2)incorporatemanufacturersinputforcostandfeasibilityof
controllingtheprimitivevariablesand(3)quantifytheinfluencesandsignificanceoftheremainingprimitivevari-
ablesontheselectedkeyresponsevariablesandotherkeyresponsevariableswhichhavenotbeenincludedbefore.
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APPENDIX

CERAMICMATRIXCOMPOSITEMICROMECHANICSANDMACROMECHANICS

CEMCANutilizesanovelanduniquefibersubstructuringtechniqueinconjunctionwiththeconventional
micromechanicsbasedonthemechanicsofmaterialsapproach.ReferenceIdescribestheusageofthecodeandthe
variousequationsembeddedinCEMCANwiththeoreticalaspectsaredescribedinreference2.

Duetotheuniquefibersubstructuringtechnique,it offersseveraladvantagesoverconventionalunitcellbased
micromechanicstheories.Itallowsforamoreaccuratemicromechanicalrepresentationofinterfacialconditionsand
providesmuchgreaterdetailinlocalstresses.

CEMCAN'smethodologyconsistsofincrementalsynthesisofthepropertiesstartingfromthe
constituents-namelythefiber,matrixandtheinterphasetoformaslice.Theslicelevelpropertiesareobtainedusing
compositemicromechanicsequationswhicharerepresentedbysimplifiedclosedtbrmequations.Theslicelevel
propertiesareingeneralequivalentelasticpropertiessuchasmoduliPoisson'sratios,thermalexpansioncoeffi-
cientsandheatconductivities.

Fromslicetoasinglelaminaandsubsequentlytothelaminatelevel,thecodeutilizesrepeatedapplicationsof
classicallaminatetheorytoobtaincompositelevelproperties/response.Givenaspecificsetofloads,thecodecan
progressivelydecompose,asindicatedinthefigure2,retracingthestepsfollowedduringtheupwardsynthesisto
yieldlaminate,ply,andslicelevelresponsesandconstituentmierostresses.

Thecodecanpredictplyandlaminatelevelthermalandmechanicalpropertiesaswellasdetaileddescriptionof
resultingmicrostressesduetoanappliedload.Italsoaccountstbrnonlineareffectsduetomaterialnonlinearitiesas
wellasduetothelocalstressredistributionresultingfromprogressixefracture.Onecanaccounttorfabricationre-
latedparametersinanalyzingtheresponseofceramicmatrixcomposites.Thedetaileddescriptionofthismethodol-
ogyisdocumentedin reference4.
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TABLE I.--PRIMITIVE INPUT VARIABLES DISTRIBUTION PARAMETERS

Variable Mean Standard Distribution

value deviation

Young's modulus, (Msi)

Sylramic fiber 52 +__2.6 Nonnal
CVI-SiC 58 +_2,9

MI-SiC 47 +_2.4

BN 10 -+0.5

Thermal conductors (Btu/ft-hr-°F)

Sylramic fiber 11.8 +1.2
CVI-SiC 15.6 +1.6
MI-SiC 16.9 -+1.7

BN 2.0 _+0.2

Coefficient of thermal exponent (ppm/°F)

Sylramic fiber 6.0 _+0.60
CVI-SiC 6.0 _+0.60

MI-SiC 6.2 _+0.62

BN 3.7 _+0.37

BN thickness (percent within tow) 10 +1

Fiber tow spacing (ends/in.) 22 +1

Fiber volume fraction (percent overallp 42 _+_2

Void volume fraction (percent within tow) 9 +1
,p

_'Assume volume fraction of MI-SiC matrix stays constant at 13 percent. Fiber

and void volume fraction varies at the expense of CVI-SiC.

TABLE II. --RESULTS

Prediction

Mean Scatter range

Young's modulus (Msi)
In plane 33.33 29.54 to 37.13
Thru-thickness 19.30 15.68 to ,,.9+

Thermal condition (Btu/hr-fl-_'F)

In-plane 10.71 8.82 to 12.59
Thru thickness 8.82 7.16 to 10.49

Coefficient of thermal exponent

(ppm/OF)

In-plane 3.37 2.78 to 3.97
Thru-thickness 3.29 2.66 to 3.92

Test data

Mean

32.13

not available

10.30
8.60

2.60

not availaNe

Scatter range

28.00 to 33.20
not available

not available
not available

not available
not available

NASA/TM--1998-208497 7



z _'_
I -- I I o •I--t, j 90 fiber tow

/I----- A_ I' I I_; , (fill)--_
_,, , _ - - ".,-,- , _,, _.,_,,ht X

ht [ ]

i II i i ,\ \ '
' '' 'i ' 0o fiber tow
, I X' = 45.5 mils (22 epi), (warp)

I__X'= A+B (epi)-l_..i_ X'--_I_._X'/2---_ ht = 5 mils

Figure 1._"Telescoping scales" for analysis of woven architectures. 5 Harness satin weave architecture.

Integration/sy _thesis

Fiber Unit I
substructuring cell

'Jt

Constituents: _ laminatefiber, matrix, II I I I I I
Nonlinear and interphase

Pn_°atpeenrt_es [.'\1 Slice Lamina/ply [_,_1

I/ 1 I/ 1 I/ l
Progressive decomposition

Figure Z--Integrated probabilistic ceramic matrix composite mechanics
approach.

NASA/TM-- 1998-208497 8



Distribution type

Random variable ,,'
/

statistics
,/ f

V

Xl x2 x3

CEMCAN performance

function z = f(x I , x 2, x3)

Fast probability

integration (FPI)

analysis engine

Output options

I
i
i

/
/

/'

7""

'l

Sensitivity factors Response cumulative
distribution function

(CDF)

Figure 3.mFast probability integration input-output schematic.

i

0.35

0.30

0.25

O
p-

0.20
O"

•= 0.15

0.10

0.05

Mean value: 33.33 Msi

Scatter range: 29.54 Msi to 37.13 Msi

(Based on 3 standard deviations

from mean)

0.00
28 30 32 34 36 38 40

Modulus, Msi

Figure4.--PDF ofin-plane Young's modulus. 0/90sylramic fibeffCVl-SiC/Ml-SiC woven composite at
2200 °F.

N ASA/TM-- 1998-208497 9



.m

.O
o_

.O
2
O.

>
_¢

1.00

0.80

0.60

i

I I ' I

/

/

I=_11 , I

30 32 34

Modulus, Msi

0.00 , I , , I , I ,
26 28 36 38 40

Figure 5.---CDF of in-plane Young's modulus. 0/90 sylramic fiber/CVI-SiC/MI-SiC woven composite with
10% BN.

0.70

0.60 f

0.50 --

0.40 --

.
.>

0.30 -

0.20 --

0.10 --

0.00

Note: + modulus and variable move in the same direction

- modulus and variable move in the opposite directions

+

- +

m

Fiber Fiber tow CVI-SiC BN

mod. spacing mod. thick.

+

MI-SiC
mc_.

Fiber vol. Void vol.
fract, fract.

+

BN
mod.

Figure 6.--Sensitivity of in-plane Young's modulus. 0/90 syiramic fiber/CVI-SiC/MI-SiC woven com-
posite at 2200 °F.

N AS A/TM-- 1998-208497 I0



0.50 ' I ' I ' I

0.40

O

0.30

0"

.5

--_ 0.20
rr

0.10

/ \
/ \

/ \
/ \

/

t /

30 32

m

' I ' r

Baseline

Standard deviations of 3 most

influential variables reduced

by 50%

0.00
28 40

I \
/ _///-- Mean value: 33.33 Msi

[ / _ _ Scatter range: 30.64 to

I / _\ 36.03 Msi

// ,-- Mean value: 33.33 Msi

/ Scatter range: 29.54 to

\_ 37.13 Msi

\ \ Note: Scatter ranges

\ \ are based on 3 standard _

\\_iations from mean

34 36 38

Modulus, Msi

Figure 7.DPDF of in-plane Young's modulus. 0/90 sylramic fiber/CVI-SiC/MI-SiC woven composite at
2200 °F.

0.70

0.60

0.50 -

o 0.40 --

#
.>
'_ 0.30 --
e-
Q)

0.20 --

0.10 -

0.00

m

Fiber vol.

fract.

i

BN

thick.

Note: + modulus and variable move in the same direction

- modulus and variable move in the opposite directions

N

+ +

+

Fiber tow CVI-SiC MI-SiC BN

spacing mod. mod. mod.

Void vol. Fiber

fract, mod.

Figure 8.DSensitivity of thru-thickness Young's modulus. 0/90 sylramic fiber/CVI-SiC/MI-SiC woven

composite at 2200 °F.

NASA/TM--1998-208497 II



0.60

0.50

>, 0.40 -
¢.)
C
Q)

O"

0.30 -

.>

0.20 -

0.10 -

0.00
14

I ' I I ' 1

Baseline

_ /"x m_ Standard deviations of 3 most

\ influential variables reducedby 50%

I _ Mean value: 19.24 Msi
/ _/-

_, Scatter range: 16.90 to
I_ _ 21.58 Msi

/_ _ 1-- Mean value: 19.30 Msi
I

I_" Scatter range: 15.68 to

\_ 22.92Msi

/ \ _ Note: Scatter ranges
\ _ are based on 3 standard

__de_ations from mean
• __.,,i.-__.,_ / ! . I , _,,,_J _ i .

16 18 20 22 24

Modulus, Msi

Figure 9.--PDF of thru-thickness Young's modulus. 0/90 sylramic fiber/CVI-SiC/MI-SiC woven
composite at 2200 °F.

40

0.80

0.70

0.60

0.50
O

_'_ 0.40

C

0.30

0.20

0.10

+
Note: + conductivity and variable move in the same direction

- conductivity and variab e move in the opposite directions

+

+

+

0.00
Fiber CVI-SiC MI-SiC BN BI_ Fiber tow Fiber vol. Void vol.

cond. cond. cond. thick, cond. spacing fract, fract.

Figure 10.--Sensitivity of in-plane thermal conductivity. 0/90 sylrarnic fiber/CVI-SiC/MI-SiC woven
composite at 2200 °F.

NASA/TM-- 1998-208497 12



0.70

0.60 t

0.50 --

0.40 --

>
.I

0.30 -
¢D
00

0.20 -

0.10 -

0.00

Note: + conductivity and variable move in the same direction
- conductivity and variable move in the opposite directions

+

-- 4-

4-

4-

BN BN Fiber CVI-SiC MI-SiC
cond. thick, cond. cond. cond.

m

%-%,%_

Fiber vol.
fract.

m i

Fiber tow Void vol.

spacing fract.

Figure 11 ._ensitivity of thru-thickness thermal conductivity. 0/90 sylramic fiber/CVI-SiC/MI-SiC
woven composite at 2200 °F.

1.20

1.00

0.80 -
C

_0.60 -
6)

n- 0.40 -

0.20 -

0.00
8 14

I ' I 1 I ' 1

Baseline

/\ _- Standard deviations of 3 most
/ \ influential variables reduced

I _ by 50%
I
I

/ _ 7 Mean value: 10.72 Btu/hr-ft-F
! _/ Scatter range: 9.56 to
/ t 11.88 Btu/hr-ft-F

\l

,-- Mean value: 10.71 Btu/hr-ft-F

_ L_/ Scatter range: 8.82 to

/ ,_ 12.59 Btu/hr-ft-FNote: Scatter ranges

\ \ are based on 3 standard

"_ \_iati0ns from mean

_'/_,-"/ I I , _..._]_L_ I ,
9 10 11 12 13

Thermal conductivity, Btu/hr-ft-F

Figure 12._PDF of in-plane thermal conductivity. 0/90 sylramic fiber/CVI-SiC/MI-SiC woven composite
at 2200 °F.

NASA/TM-- 1998-208497 13



1.20

1.00

>, 0.80 -
O
C

_0.60 -

.>

_D

rc 0.40 -

0.20 -

0.00
6.5

I ' I ' I ' [ ' I ' I

f\ ---
/ \

/ \
/ \

I ' I ' I

Baseline

Standard deviations of 3 most
influential variables reduced

by 50%

I \
I I r- Mean value: 8.84 Btu/hr-ft-F

/ _ _/ Scatter range: 7,66 to

! / __ 10.01 Btu/hr-ft-F

k' \ -r- Mean value: 8.82 Btu/hr-ft-F

4' t_"" Scatter range: 7.16 to_ 10.49 Btu/hr-ft-F

\ \ Note: Scatter ranges

/// \ \ are based on 3 standard

\\\ ations_ from mean -

I __.---'_-_//i I I I _I.-"'----I I

7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0

Thermal conductivity, Btu/hr-ft-F
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Figure 16.--PDF of in-plane thermal expansion coefficient. 0/90 sylramic fiber/CVI-SiC/MI-SiC woven
composite at 2200 °F.
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