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PREFACE

Welcome to Lewis ResearchCenterand the MaterialsDivision. We are very pleased
that you could visit us and hear about all the progresswe, our contractors,and
grantees have been making in ceramics. We feel ceramicsand ceramicmatrix compos-
ites are an excitingarea of tailoredstructuralmaterialsresearch. NASA has made
a strong commitmentto advancethis technologyand we will work with U.S. industry
to foster our nationalpositionin world markets. In fact, that is the _ob of the
MaterialsDivisionin all areas of NASA technologyneeds.

If any of your organizationsare interestedin more detailed informationon our
programs,in Joint researchefforts,or in sendinga researchhere for some extended
on-sltestudies,feel free to call me and we will discuss it.

Sal Grlsaffe

Chief, MaterialsDivision

(216) 433-3193
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CERAMICS FOR TURBINEENGINES

StanleyR. Levlne

NASA Lewis ResearchCenter
Cleveland,Ohio 44135

The Ceramics for Turbine EnginesProjectis comprisedof three main
researchthrustswlth major elementsas indicated:

• Materialsand Processing
Monollthlcs
Fiber reinforced

• Design Methodology
Design code
Trlbology

• Life Prediction
Environmentaleffects
Non-destructlveevaluation
Fractureand fatigue
Time dependentbehavior

The overallobjectiveof this program is to providethe ceramicstechnol-
ogy base in materialsand structuresfor aerospacepropulsionand power appli-
cationsprograms. The effort is complementaryto and coordinatedwith the
Departmentof Energy funded CeramicTechnologyfor AdvancedHeat EnginesProj-
ect at Oak Ridge NationalLaboratory. From the NASA perspectivean enhanced
ceramlcstechnologybase directlysupportsaeronauticsinitiativesin small
engine technology,hlgh-performanceturbineengine technology,and hypersonlcs.
The Ceramicsfor TurbineEnginesProjectis funded at about $2M per year and
involvesabout 20 researchersin the MaterlalsDivisionand the Structures
Divisionat Lewis as well as contractand grant research. An overviewof the
program,which includesthe technicalobjectivesand contentof each thrust,
is provided in the followingfigures. This workshop reportson research
efforts fundedmainly by Ceramicsfor Turbine Engines. A major strengthof the
program is the increasinglyinterdisciplinarynature of the researchbeing
carriedout In-house. Severalof the papers presentedwill illustrateand
demonstratethe benefitsof such an approach.



CERAMICS FOR TURBINE ENGINES
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DOE/NASAADVANCEDGASTURBINE
TECHNOLOGYDEVELOPMENTPROJECT

OBJECTIVE
• DEVELOPA TECHNOLOGYBASEAPPLICABLETOA

COMPETITIVEAUTOMOTIVEGAllTURBINEENGINE

TECIiNOLOIIYHVELOPMENTIiOALII
• 30'/*IMPROVEMENTINFUELECONOMYOVERA

CONVENTIONAL(81)ENGINEINA 3000LB
VEHICLE

• ADAPTABILITYTOALTERNATIVEFUELS ART101' MEETOREXCEEDPRESENTEMISSION
STANDARDS

• COMPETITIVERELABILITY,LIFE,ANDCOSTS

APPROACH
• TWOENGINE/AUTOMOBILECONTRACTORTEAMS

(GARRLrrT/FORDANDALLISON/PONTIAC)
. DESIGN,FABRICATE,ANDTESTALL.CERAMIC

HOTSECTIONCOMPONENTS
• SUPPORTINGRESEARCHANDTECHNOLOGY

EFFORTINCRITICALAREAS
• INITIATED1980-PLANNEDCOMPLETION1986 AGT100
CD-85-17625



STATUSOFMONOLITHICCERAMICMATERIALS
CERAMIC MATERIALS HAVE DEMONSTRATED:

. GOOD HIGH TEMPERATURE STRENGTH

. GOOD OXIDATION RESISTANCE
• GOOD EROSION RESISTANCE
. NET SHAPE FABRICATION CAPABILITY

BUT
• LOW RELIABILITY

REQUIREMENT

NUMBER
OFPARTS UNACCEPTABLE

PACCEPTABLE

STRENGTH
CD-_19177
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CERAMIC TECHNOLOGY NEEDS

• GRACEFUL
RELIABILITY FRACTURE
TOUGHNESS
STRENGTH
LUBRICITY
DURABILITY

I I I
p=,.-

c_-_,,,_, 1980'S 1990'S 2000
IMPLEMENTATION

STRATEGICTHRUSTSIN AERONAUTICSTO
ESTABLISHTECHNOLOGYFOR21st CENTURY

ADVANCEDAIRCRAFT

NASAOAST/AERONAUTICS- NOVEMBER1984

PRESIDENTIALSCIENCEADVISORKEYWORTH- APRIL1985

• DEVELOPESSENTIALTECHNOLOGIESFORHIGH-EFFICIENCYSUBSONIC
TRANSPORTS.

• ESTABLISHTECHNOLOGYREADINESSFOREFFICIENTSUPERSONICCRUISE
TRANSPORTANDFIGHTER/ATTACKAIRCRAFT.

• DEVELOPESSENTIALTECHNOLOGIESFORREALIZATIONOFPRACTICAL
HYPERSONICANDTRANSATMOSPHERICFLIGHTAIRCRAFT.

CO-85-L7_]4



'_ FUTURE OPPORTUNITIES IN AEROPROPULSION
PROPULSION SYSTEMS
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TECHNOLOGY BENEFITS FROM CERAMICS
TYPICAL-COMMUTER MISSION
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CERAMICSFORTURBINEENGINES

OBJECTIVE

DEVELOPTHETECHNOLOGY
REOUIREDTOIMPROVESTRUCTURAL
CERAMICRELIABILITYANDPERMIT
USEOFCERAMICSINADVANCED

__) <> HEATENGINES
APPROACHES

•MATERIALSANDPROCESSING
•DESIGNMETHODOLOGY
•LIFEPREDICTION

CERAMICS FOR TURBINE ENGINES

RESEARCH
THRUSTS

MATERIALS DATA BASE
AND AND LIFE

PROCESSING PREDICTION

• RELIABLE,TOUGHMONOLITHICS/ DESIGN /•ENVIRONMENTALEFFECTS
• FIBERREINFORCEDCERAMICS_METHODOLOGYJ•NON.DESTRUCTIVEEVALUATION
• ADVANCEDCERAMICFIBERS \ ,/.FRACTURE & FATIGUE
• WEARRESISTANT& LOW \/•TIME DEPENDENTBEHAVIOR

FRICTIONCOATINGS

co-=-,.,,, • BRITTLEMATERIALSDESIGNCODE
• FRICTION& WEARDATA



CERAMICS FOR TURBINE ENGINES
PROJECT TEAM

AEROSPACE
TECHNOLOGY PROJECT
DIRECTORATE m MANAGEMENT

J. STUARTFORDYCE STANLEVINEx3276
MONOLITHIC
CERAMICS
STANLEVINE

-L MATERIALS CERAMICMATRIX

DIVISION COMPOSITES
SALGRISAFFE JIMDICARLOx5514

ENVIRONMENTAL
-- EFFECTS

CARLSTEARNSxsso4
TRIBOLOGY
DONBUGKLEYX6061

NONDESTRUCTIVE
EVALUATION

ALEXVARY x6019
__ STRUCTURES FRACTURE

DIVISION MECHANICS
LESNICHOLS JOHNSHANNONx3211

DESIGNMETHODOLOGY
JOHNGYEKENYESlX3210

CD-86-19160
(216)433-XXXX

CERAMICS FOR TURBINE ENGINES
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& METHODOLOGY I PREDICTIONPROCESSES
!
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-SUN,LOUA / t-JOHNGYEKENYES,I-,ENN,SFOX
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LEWIS CERAMICSCAPABILITIES
FIBERS

FIBERCOATING
HIGHTEMPERATUREFIBERTESTING
FIBERPHYSICAUMECHANICALPROPERTIES

CERAMIC/CERAMICCOMPOSITEFABRICATION
FIBER/MATRIXTAPEFAB
HOTPRESS
REACTIONBONDING
HOTISOSTATICPRESS(2200°C, 20 ksi)
HIGHPRESSUREN2 SINTERING(2150%, 1000psi)
CVD& CVIFABRICATION
SOLGELPROCESSING/CHARACTERIZATION
POLYMERPROCESSING/CHARACTERIZATION
POWDERPROCESSING/CHARACTERIZATION

INTERDISCIPLINARYCOLLABORATION
ENVIRONMENTALEFFECTS- BURNERRIGS,H2/02RIG,COATINGS
NDE- RADIOGRAPHYACOUSTICMICROSCOPY,ULTRASONICS
FRACTUREMECHANICS& FATIGUE
STRUCTURALANALYSIS& DESIGNMETHODOLOGY ..........
SURFACESCIENCE- FRICTION,WEAR,COATINGS

CERAMICS FOR TURBINE ENGINES
--MATERIALS AND PROCESSING--

OBJECTIVE:
IMPROVERELIABILITY,STRENGTHANDTOUGHNESSOFCERAMICS/CERAMICMATRIXCOMPOSITES

APPROACH: POWDERDERIVED CHEMICALLYDERIVED COMPOSITES
MATERIALS MATERIALS

co_
POWDERPROCESSINGSINTERING MICROSTRUCTURE STRAIN

STRONGER, CONTROLLEDPROPERTIES FIBERREINFORCED
TOUGHERCERAMICS MICROSTRUCTURES& MODELS CERAMICS

IMPROVE QUANTIFYPROGRESS IMPROVESTRENGTH,
RELIABILITY & DEFINENEWOPTIONS TOUGHNESS& PROVIDE

GRACEFULFRACTURE
BENEFITS:

ADVANCEDCERAMICMATERIALSTECHNOLOGYFORAEROSPACEPROPULSIONANDPOWER
APPLICATIONS(E.G.ADVANCEOSMALLENGINETECHNOLOGY(ASET),HYPERSONICS)

86 87 88 89 90
SCHEDULE: I ]

A A Z_ A
IDENTIFY DEMOIMROVED POTENTIALOF VERIFYIMPROVED

ADVANCED STRENGTH& ADVANCEDCMC STRENGTH& RELIABILITY
1400=C CMC RELIABILITY ASSESSED

CD-85-18488
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APPROACHESTOCERAMICRELIABILITY

"INSPECT-IN"THEQUALITY IMPROVETHEPROCESS

SEPARATEOUTTHE ELIMINATE
UNACCEPTABLEPARTSBY -INCLUSIONS =)1=
NDEANDPROOFTESTING - VOIDS&CRACKS
ANDREJECTTHEM. - SURFACEFLAWS NO

REJECTS
REQUIREMENT REQUIREMENT AND

IMPROVED

NUMBERpAO_TS2/ _ STRENGTH

• INEFFICIENT QUALITYCONTROLAPPROACH
• COSTLY • EFFICIENT

• LOWCOST
co-._,_,7, • RELIABLE

MONOLITHIC CERAMICS
OBJECTIVES:

-- UNDERSTAND MICROSTRUCTURE/PROCESSING/
PROPERTIES/RELATIONSHIPS

-- IMPROVE RELIABILITY

APPROACHES

SINTERING/HIGH PN2 HIP

< SINTEREDSi3N4 (SSN)
REACTIONBONDED

Si3N4 (RASH) >

< SINTEREDREACTION'----_
BONDEDSi3N4 (SRBSN)

< SINTEREDSiC(SSC_ =
CD-_I6-Ii)_78
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FIBERREINFORCEDCERAMICSAPPROACH
TO RELIABILITY

INCORPORATECONTINUOUSCERAMICFILAMENTSHAVING
GREATERSTIFFNESSTHANMATRIX

• ADVANTAGES

" IMPROVED TOUGHNESS IMPARTED BY CRACK DEFLECTION
AND CRACK BRIDGING

- INCREASED MODULUS AND STRESS TO FAILURE
- "METAL-LIKE" STRESS-STRAIN BEHAVIOR
- GRACEFUL FAILURE

" DISADVANTAGES
" PROCESSING MORE DIFFICULT
- AVAILABLE FIBERS LIMITED
" CONTROL OF FIBER'MATRIX BOND REQUIRED

CD-88-19175

CERAMICS FOR TURBINE ENGINES
--DESIGN METHODOLOGY--

OBJECTIVES:

• DEVELOPANDVERIFYMECHANICALDESIGNMETHODSFORCERAMICANDCERAMICCOMPOSITECOMPONENTS

• UNDERSTANDFRICTION/WEARINTERACTIONSANDDEVELOPHIGHTEMPERATURESOLIDFILMAND
COMPOSITELUBRICANTTECHNOLOGY

APPROACH: DESIGNMETHODS TRIBOLOGY
RADIALTURBINEBLADE PLASMASPRAY& PRESSURE

VAPOR

DEPOSITION

BLADE-DISC

NITEELEMENTMODEL

NEWSURFACE NEWSELF-LUBRICATING
i_\_"_-, FILMSANDCOATINGS CERAMICCOMPOSITES

BENEFITS:
ENABLINGTECHNOLOGYTOPERMITUSEOFCERAMICMATERIALSINADVANCEDAEROSPACEPROPULSION
ANDPOWERSYSTEMS

SCHEDULE: 86 87 88 89 90 91 92
AT GL I I

PLASMASPRAY ESTABLISH ,2ND GENERATION•LUBRICANT DESIGNCODE TIME-DEPENDEN;
COATINGS BASIC LUBRICANTS EVALUATION FORCOUPLED FAILURECODE
FOR1000oC TRIBOLOGYFORUSETO INENGINESFLAWS

MECHANISMS1000oC+
• SURFACEFLAW

• VOLUMEFLAW DESIGNCODE
DESIGNCODE co-86-1se49
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CERAMICS FOR TURBINE ENGINES
--LIFE PREDICTION--

OBJECTIVE:
DEVELOPLIFEPREDICTIONANDRELIABILITYASSESSMENTTOOLSFORSTRUCTURALCERAMICS

APPROACH:

02,S02 _ oc

so3 ___ooo
///////,,;

BURNERRIG

ac,,ooooc= __P=4atm _ STRA,N02,S02 M=0.1 , "
t

CORROSIONMECHANISMS FRACTURE TIMEDEPENDENT NON-DESTRUCTIVE
ANDCONTROLSTRATEGIES MECHANICS BEHAVIOR EVALUATIONAND

PROOFTEST

BENEFITS:
, ENABLINGTECHNOLOGYTOPERMITRELIABLEDESIGNANDUSEOFADVANCEDCERAMICMATERIALS
* GUIDEDEVELOPMENTOFDURABLECERAMICSFORAEROSPACEPROPULSIONANDPOWERSYSTEMS

86 87 88 89 90 91 92
SCHEDULE: I I

,, ASSESS • CONSISTENT • CORROSION • COMPONENT• CONSISTENT
NDE RTFRACTURE CONTROL NDE HiTFRACTURE
RELIABILITY MECHANICS STRATEGIES MECHANICS co-e6-1_84s

MEASUREMENT
• DETERMINE TECHNIQUES

CORROSION
MECHANISMS

FUTURE OPPORTUNITIES FOR CERAMICS

SYSTEMS MATERIALNEEDS OPPORTUNITY
• VEHICULARAND • HIGH-TEMPERATURE,NON-STRATEGIC• CONTINUEEMPHASISONRELIABILITY

STATIONARYPOWER MATERIALSATLOWCOST(2500°F)
• ADVANCEDSMALL • VERYHIGHRELIABILITY,TOUGHNESS= DEVELOPTHERMALLYSTABLE10 TO

ENGINETECHNOLOGY ANDSTRENGTH-TO-WEIGHT(2700°F) 25 F DIAMETERCERAMICFIBERAND
(ASET) APPLYIN CERAMICMATRIXCOMPOSITES

• ADVANCEDRECUPERATORS/REGEN-• DEVELOPANDVERIFYPOTENTIALOF
ERATORS(2200°F) ADVANCEDMATERIALS

• ASSEMBLYOFCERAMICSINTOA • ADVANCEDJOINING,NONJOININGAND
WORKABLEENGINESYSTEM CONTACTSTRESSCONTROLTECHNOLOGY

• HIGH-THRUST-TO- • VERYHIGHRELIABILITY,TOUGH- = DESIGNANDLIFEPREDICTION
WEIGHTENGINES NESSANDSTRENGTH-TO-WEIGHT • FIBERSANDCOMPOSITES
(HPTE) (3000°F)

• AEROSPACEPLANE • SAMEASHPTE(3000°F+ +) • FIBERSANDCOMPOSITES
• DURABLECERAMICSFORUSEIN 0• • IDENTIFYSUITABLEMATERIALS

ATHIGHHEATFLUX(EDGEINSERTS)
ANDIN H2102(ENGINESEALS)

CD-86-19169
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FRICTIONAND WEAR OF CERAMICS

Donald H. Buckley
NASA Lewis ResearchCenter

The adhesion,friction,wear, and lubricatedbehaviorsof both oxide and non-
oxide ceramicsare reviewed. Ceramicsare examinedin contactwith themselves,
other hardermaterials,and metals. Elastic,plastic,and fracturebehaviorof
ceramicsin solid state contactis discussed. The contactload necessaryto initi-
ate fracturein ceramics is shown to be appreciablyreducedwith tangentialmotion.
Both frictionand wear of ceramicsare anlsotroplcand relate to crystalstructure
as with metals. Grit size effects in two- and three-bodyabrasivewear are observed
for ceramlcs. Both the free energy of oxide formationand the d valencebond
characterof metals are relatedto the frictionand wear characteristicsfor metals
in contactwith ceramics. Surfacecontaminantsaffect frictionand adhesivewear.
For example,carbon on siliconcarbideand chlorineon aluminumoxide reducefric-
tion while oxygen on metal surfacesin contactwith ceramics increasesfriction.
Lubricationincreasesthe criticalload necessaryto initiatefractureof ceramics
both in indentationand with slidingor rubbing.

15
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Figure1. - Anisotr_ies on {01171},IlOl'Ol,and II1_1 surfaces of
SIC.

16



]..0 _ SLIDING

D|R£CTION
o <1o[o>
a <1z_>

8-

z .8 7- 0 0
o

_ )6-

_.6 q
R E 4

°3

° l Uo
.4 N

_ 2
N 5 t I: "_

___ _ I ,,_,_ _ _"
I I I I . 18 i Ill I II _ _

"20 200 400 600 800 1000 1200 0 40 80 120 160 200 240 280 320 N0
SLIDINGTEMPERATUR£,°C POLARANGLE

Figure2. - Effectoftemperatureoncoefficientof Figure3. - Rateofwearofa futile single-crystalsphere
frictionfor siliconcarbide{0001}surfacesliding ona greatcircle.intheplaneofthea- andc-axesis
againstan ironrider. Theironriderwasargon normaltoplaneofslidingat0 and180° Slidedirection
ionsputtercleanedbeforeexperiments.Normal in planeofthegreatcircle(ref. 8).
load,0.2N, vacuum,10nPa.
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Figure4. - Elementaldepthprofileofsiliconcarbide{00011 Figure5. - Graphitizationof siliconcarbidesurface.
surfacepreheateda temperatureof15000C forI hour.
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CONTAMINANTP_K CARBIDEPEAK

(a)Roomtemperature.
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(b)250oC.
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z

(d)800°C

(el 1000° C, $
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Figure6. - RepresentativeSignandClsXPSpeaksonsiliconcarbide
{00011surfacepreheatedat'_arious'_emperaturesto15000C.
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r PRINCIPALLYGRAPHITE
DEPTHOFMOSTSURFIClAL ,/ WITHVERYLll'rLESILICON

LAYER,2 nm

DEPTHOFTHEINTER- _ .-.MIXTUREOFGRAPHITE

MEDIATELAYER,100nm ANDSILICONCARBIDE

{ " "--SILICONCARBIDE
BULK

Figure7. - Surfaceconditionofsiliconcarbideafterheatingattemperatures
above12000C.

(0001)[1120]SAPPHIRE
SLIDINGONCOPPER

1.6 -- SINGLECRYSTAL(110)

I.2 --

_- SAPPHIREWEARSCAR

g .8- .
4

• SAPPHIREWEARSURFACE
I

/

H INGLECRYSTALCOPPER(110)SLIDINGONSAPPHIRE(0001)
0

Figure8. - Frictionforcopperin slidingcontactwith sapphire
in vacuum30nPa: load,lOOg: slidingvelocity,0.013cmls.
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__,3 .1
o 0

Figure9. - Coefficientoffrictionforgoldandsilverriderssliding
onsapphireinvacuum(30nPa).Slidingvelocity,0.013cm/s;
ambienttemperature,25°C; duration,1hr.
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O SITESFORVANDERWAALSINTERACTION

WITHMETALSSLIDINGONSURFACE
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Figure10. - Natureofsurfaceinteractionandbondingofmetalto
Ai_3.
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JCONDUCTIONJAg AU Eg Eu .7."c:};" -.

12 -- JBANDAI (3p)J g':'; "" "_ 'P':"

_ii! o "!!

; d"M(d)- 0 (p)
8 -- ANTIBONDING .........

Fe Ni AEGIAP (a)Occupiedbonding.

-4 "M (d)- 0 (p) _i_-8 -- BONDING ,,_

-12--

(b)Unoccupiedantibonding.

-16 -- J J _ _ Figure12. - Fe(d)- O(p)molecular-
orbitalwave-functioncontourmaps
foran ironatomsupportedonsap-

-20 -- phire,plottedin theplaneof the

Figure11. - Molecular-orbitalenergies,asdeterminedbythe ironatomandtwosurfaceoxygen
self-consistent-fieldX-alphascatteredwavemethod,for atoms.Thesolidanddashedcon-
clustersrepresentingbulksapphireandmetal-sapphire toursrepresentthepositiveand
interfaces negativephasesof thewavefunction
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SLIDING
DIRECTION

pm

(a)Hexagonalcracking.

SLIDING
DIRECTION

(b) Hexagonalpit.

Figure13. - Scanning electronphotomicrographsofweartracks
on the {000].}surfaceof single-crystal SiC in contactwith
rhodiumandtitanium as a result of ten passesof a rider
in vacuum. Sliding direction, <10_'0>; slidingvelocity,
3 ram/rain-1; load, 0.3 N; roomtemperature; pressure,
30 nPa; metalpin rider, 0.79 mm radius.
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SOME DESIGN CONSIDERATIONSFOR CERAMICCOMPONENTSIN HEAT ENGINE APPLICATIONS

3ohn P. Gyekenyesl
NASA Lewis ResearchCenter
Cleveland,Ohio 44135

This presentationreviewsthe designmethodologyfor brittlematerial structures
which is being developedand used at the Lewis ResearchCenter for sizingceramic
componentsin heat engine applications. Theoreticalaspectsof designingwith
structuralceramicsare discussed,and a generalpurposereliabilityprogram for
predictingfast fractureresponsedue to volume distributedflaws is described.
Statisticaltreatmentof brittlebehavior,based on the Welbull model, is reviewed
and Its advantages,as well as drawbacks,are listed. A mechanisticstatistical
fracturetheory,proposed by Batdorfto overcomethe Weibullmodel limitationsand
based on Grlfflthfracturemechanics,is summarized. Failureprobabilitypredic-
tions are made for rotatingannular SI3N4 disks using variousfracturemodels,
and the resultsare comparedto actual failuredata. The applicationof these
design methodsto Governmentfunded ceramicsengine demonstrationprograms is
surveyed. The uncertaintyIn observedcomponentperformanceemphasizesthe need
for proof testingand improvedNDE technologyto guaranteeadequate structural
integrity.
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POSSIBLE APPROACHES TO CERAMIC DESIGN

A. PROTOTYPETESTING

• NOSTRESSANALYSISREQUIRED
• POLYAXIALFRACTURESTRESSTHEORYNOTNEEDED

• EVERYDESIGNIS UNIQUE
• EXPENSIVE

B. SCALEMODELEVALUATION
• VOLUMEEFFECTMUSTBEINCLUDED
• NOMECHANICALSTRESSANALYSISNEEDED

• POLYAXIALFRACTURESTRESSTHEORYNOTNEEDED
• THERMALSTRESSPROBLEMCANNOTBESCALED

• EVERYDESIGNISUNIQUE

• LESSEXPENSIVE

C.USEOFTESTSPECIMENTESTING

• VOLUMEEFFECTMUST BEINCLUDED

• FULLTHERMOMECHANICALANALYSISREQUIRED

• COMBINEDFRACTURESTRESSTHEORYNEEDED

• CAN BEAPPLIEDTOALLDESIGNS

• INEXPENSIVE

C_19_

POTENTIAL FAILURE MODES IN HEAT ENGINES

A.TIMEINDEPENDENTFAILUREMODES

• FASTFRACTURE(TENSION-COMPRESSION)

• BUCKLING

B.TIMEDEPENDENTFAILUREMODES

• STATICFATIGUE

• DYNAMICFATIGUE

• CREEPCRACK GROWTH

• STRESSCORROSIONAND OXIDATION

• IMPACTAND DYNAMICLOADING

CD-86.-19359
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SCHEMATICSOFSTRENGTHTESTS

/ ,/

UNIAXIALTENSILESTRENGTH HYDROSTATICTENSILE

3-POINT BENDING 4-POINT BENDING

UNIAXIALCOMPRESSIVE DIAMETRALCOMPRESSION
CD-,86-19368

BRITTLE MATERIAL DESIGN METHOD

MATERIALBRITTLENESSANDPRESENCEOFMICROCRACKSREQUIRES

• ALLOWANCEFORSTRENGTHDISPERSION- PROBABILISTICAPPROACH

• CONSIDERATIONOFMATERIALVOLUMEUNDERSTRESS(COMBINATION

OFSTRESSANDVOLUMEDETERMINEINTEGRITY)

• REFINEDTHERMALANDSTRESSANALYSIS- FIELDSOLUTIONS(EXAMI-

NATIONOFCRITICALPOINTIS NOTADEQUATE)

DESIGNPRACTICE

• FAILUREMODEIS FRACTUREDUETOCRACKPROPAGATION

• PROOFTESTINGAND/ORNDEREQUIREDTOTRUNCATESIRENGTH

DISIRIBUTION- ESTABLISHALLOWABLESTRESS

• NODESIGNCODESANDONLYLIMIIEDEXPERIENCEAVAILABLE

CD-86-19362
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FRACTURETHEORIES

I, GRIFFITH(1920AND1924)

I CRACKSHAPE,SIZE,ORIENTATIONSPECIFIED

0 IGNORESVOLUMEEFFECT

g USESMECHANISTICFRACTURECRITERION

O APPROACHIS DETERMINISTIC(BASISFORLEFM)

II,WEIBULL(1939)

0 CRACKSHAPE,SIZE,ORIENTATIONNOTSPECIFIED

0 INCLUDESALLOWANCEFORSTRENGTHDISPERSION

t EXPLAINSVOLUMEEFFECT

0 USESEMPIRICALFRACTURECRITERION

0 APPROACHISPROBABILISTIC

STATISTICALTREATMENTS
WEAKESTLINKTHEORYFORTENSILELOADING

• MATERIALCONTAINSN FLAWSORLINKS

• EACHFLAWORLINKHASA oct

• UPONSINGLELINKFAILURE,TWOREDISTRIBUTIONMECHANISMSARE
POSSIBLE

P P
n n p
,I ,I 4,

F2
oeo F3

F4
F5
F6

(1} (2) (n)

_P _P

SERIES-PARALLELMODEL SERIESMODEL

• STRUCTURALCERAMICSAREASSUMEDTOFOLLOWTHESERIESMODEL

• FAILUREOFSINGLELINKIMPLIESCOMPONENTFAILURE,NOCRACK
ARRESTMECHANISMEXISTS

CO-8e-_9372
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ELEMENTSOFWEIBULL'STHEORY(1)

REOU,
MATERIALPROPERTIES
m, Oo, o u

OF ,SURVIVAL
INDEPENDENTACTION PROBABILITY
FORPOLYAXIAL (RANGELIMITED)
STRESSSTAE

WEIBULLTHEORY

• RANDOMLYDIS-
TRIBUEDSHEAR- STRESSIS NORMAL

TOCRACKPLANE
INSENSITIVE •NOCRACKINER-
CRACKS ACTION

•WLT
•VOLUMEEFFECT
INCLUDED

•COMPRESSION
EXCLUDED CD-86-19369

WEIBULL IHEORY (2) (CONTINUED)

SURVIVALPROBABILIIY EQUATION

INUNIAXIAL1ENSION Ps(O)=P_(o)•P;(o)

DUE10VOLUMECRACKS pV(o):exp o -( dv

V

" mA i

_r(o-O u
DUEI'OSURFACECRACKS PA(°):exp. JA _ o°A) dA

IN POLYAXIALTENSION Ps(Ol,O2,o31:Ps(Ol)-Ps(O2)•Ps(OS)

WHEREo =APPLIEDSTRESSAND Ol,O2,o3 =PRINCIPALSTRESSES.
CD-86-19371
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HYPOTHETICALEXAMPLEOFIMPORTANCEOFHIGH
WEIBULLMODULUSFORSTRUCTURALCERAMICS

50-- WEIBULLMODULUS--SLOPE

90--

99

PROBABILITY
OF

SURVIVAL, 99.9 MATERI
percent

99.99 J / "_MATERIALB
99.999 / ] / I I I J I I

I00 200 400 600 800
DESIGNSTRESS,MPa

ADVANTAGES OF PROBABILISTIC DESIGN

• PERMITSEFFICIENTMATERIALUTILIZATION

• INCLUDESTRADE-OFFBETWEENHIGHSTRENGTHAND
LOWSCATTER

• ACCOUNTSFORMATERIALSTRENGTHDISPERSION

• INCLUDESCOMPONENTSIZEEFFECT
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LIMITATIONSOFTHEDIRECTSTATISTICALAPPROACH

DESIGN
STRESS,

°d SLO'^' /__!
GROWTH_

I

I E
I / /
I / /

)/.j--PERMIS SABLE,@ //
/

/'- EXTRAPOLATIONRANGE
/

BASICDATA EFFECTSOFSLOWCRACK
-In(1 - @) GROWTH

SECOND TRUNCATION
POPULATION(e.g., BIAXIAL--,,,, LEVEL
INCLUSIONS7

!

' I/ _'MEASURE
/ "- UNIAXIAL/ POPULA- /

/ / // TION ,, /
/ /

/ (SURFACE /
/ CRACKS) ",€" l ,

vlSISo)m

UNDETECTEDFLAW STRESSSTATEEFFECTS TRUNCATION
POPULATIONS PROCEDURES

CD-86--19365



ELEMENTSOFBATDORF'STHEORY(1)

BATDORF THEORY (2)(CONTINUED)

Ps(Z)= Psv" PsA

Psv - exp _ dN1
4n dOcr d°crd

PsA =exp {_ dN2
Trdoerdacrd

NI=KIocrml

N2=K2ocrm2

u= fl (°cr,°1,°2)

_= f2(Ocr,oi,02,o3,a)

oe=f3(an,"r),f3DEPENDSUPONTHEFRACTURECRITERIONSELECTED

on=f4(oi,o2,o3,a,I_)

T=f5(oi,02,a3,a,B)
CD-86-19373
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FLOWCHARTFORRELIABILITYPREDICTION
(VOLUMEFLAWSONLY)

I NASTRANMODELI
I

I I

l_,As_csT_SSI HEATTRANSFER
ANALYSIS ANALYSIS

i NASTRAN
J PART

IPRINCIPALSTRESSESI VOLUMEOFEACHI EACHELEMENTIINEACHELEMENT I ELEMENT

I {_ CONTROLINDICESI

ONUNIT7 ONUNIT5 PROCESSOR
PART

JPOST-PROCESSORl ___IFRACTURESTRESSES __

IPROGRAMI IOFSPECIMENS I
I

I RELIABILITYPREDICIION I

EXAMPLE1 -ROTATINGANNULARDISK

DATA:

NC -132HOT PRESSEDSi3N4
m =7.65

oo =74.82MPa m"3922

-_B=16.30t

ri =6.35mm (.25in)

ro =41.275mm (1.625in)
t =3.80mm (.15in)

RPM RANGE-70KTO 114K

CD-86-19366
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1,0 m

EXPERIMENTAL

,., .8 -- (REF.14) _\ '"x_SHEAR-
,.,.. \-_ \ INSENSITIVE
"_ / CASE
,<. /
,, .6 m /
o SHEAR- />- /
_- SENSITIVE /,-J

.4mPSC-EN.CRIT.----._/.
,-,-, /
o /
a.. /

.2 -- / WEIBULL
/ PIA/

0 I I i
60 70 80 90 100 110 120

ROTATIONALSPEED,rpmxlO-3

Fig. 7 Example1 probabilityof failure vs disk rotational
speedfor various fracture models(SCARE2data).

APPLICATION TO CERAMICS

• INITIALLYONLYWEIBULLTHEORYWASUSED(INCLUDESCATE,AGT,AND
DARPAPROGRAMS)

• LIMITEDSUCCESSANDACCURACYOBTAINED

• BATDORFBRIDGESGAPBETWEENFRACTURETHEORIESIN 1974(GRAPHITE

NOSECONES)

• UNIVERSITYOFWASHINGTON(UW)APPLIESBATDORF'STHEORYTO

CERAMICS(NASAGRANT)

• LeRCCORRECTSUWPUBLICATIONSANDDEVELOPSGENERALPURPOSE

DESIGNPROGRAM- SCARE

• SCAREINCLUDESWEIBULLANDBATDORFTHEORIES

• SCARERELEASEDTOGM, FORD,TRW,BOEING,GE,ANDNASAANDARMY
FORINITIALEVALUATION

CD-86-19360
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RADIAL TURBINE BLADE

DISC SECTOR ANALYSIS

CERAMIC

CONCLUSIONS

1. PROBABILISTICDESIGNAPPROACHANDWLTMUSTBEUSEDFORCERAMICS

2. FRACTUREMECHANICSMUSTBEAPPLIEDTOIMPROVEMODELINGOF..

• MULTI-AXIALITYEFFECT

• DELAYEDFAILURE

3. PROOF-TESTINGAND/ORNDESHOULDBEUSEDTOAVOIDDATAEXTRAPOLATION

4. MULTIPLEFLAWDISTRIBUTIONSSHOULDBEINCLUDEDINTHEANALYSIS

5. IMPROVEDFRACTURETOUGHNESSANDMATERIALPROCESSINGARENEEDEDTO

INCREASECERAMICSTRENGTH

0D-86-19361
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NONDESTRUCTIVEEVALUATIONOF STRUCTURALCERAMICS*

Alex Vary
Lewis ResearchCenter
Cleveland,Ohio 44135

A review is presentedon researchfor nondestructiveevaluation(NDE) of structural
ceramics for heat engine applications. Microfocusradiographyand scanninglaser
acousticmicroscopyare the NDE techniqueshighlightedin this review. The tech-
niques were appliedto researchsamplesof slnteredsiliconnltrldeand silicon
carblde in the form of modulus-of-rupture(MOR) bars. The strengthsand limitations
of the aforementionedtechniquesare given In terms of probabilityof detectionfor
voids in green and slnteredMOR bars. Voids for this purposewere introducedby
seedinggreen ceramicbars and characterizingeach void in terms of Its size, shape,
location,and nature before and after slnterlng. The effectsof materialdensity,
mlcrostructure,surfacefinish,thickness,void depth, and size characteristicson
detectabilityare summarized. The review presentedhere Is based on the work of
StanleyKllma, Don Roth, George Baakllnl,William Sanders,and James Kiser of Lewis
ResearchCenter,Cleveland,Ohio.
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FABRICATION OF MODULUS-OF-RUPTURE (MOR)
BARS CONTAINING SEEDED INTERNAL VOIDS

-100MESH _ -100MESH I

a-SICPOWDER S1_4 POWDER

I_-_ I POWDERPLACEDIN DIE

NOMINALLY530,320,115,80,
OR50timDIAMETERPLASTIC
SPHERESPLACEDONPOWDER

MICROSPHEREPOSIIIONS
PHOTOGRAP"1CALLYRECORDED

MICROSPHERESCOVERED
WITHPOWDERANDPRESSED
AT ]20MPaTOFORMGREEN
TESTBAR

BAR ISOPRESSEO
AT420MPa

HOLD AT550 °C) UNDER
VACUUMTOBURNOUT
MICROSPHERES

-2140°C -2200°C
-2hr -O.Shr

-5MPaN2PRESSURE -0.IMPaAr PRESSURE

EXPERIMENTALIANALYTICAL

•SPECIALLY PREPAREDMODULUS-OF-RUPTURETYPE BARS WERE
SYSTEMATICALLY SEEDEDWITH CRITICALSIZE VOIDS

• VOIDS RESULTEDAFTER THE STYRENE DIVINYL BENZENEMICRO-
SPHERESWERE DECOMPOSEDIN THE'GREEN CERAMICSAT 5500 C

• POD STATISTICS WERE DETERMINEDUSING THE CUMULATIVE
PROBABILITYFORMULA

N NI
1 - G =_ Xf (N-X)! PLX (1-PL) N-X

X=S

WHERE PL IS THE LOWER-BOUNDPROBABILITYOF DETECTION, G IS
THE CONFIDENCELEVEL, N IS THE NUMBEROF VOIDS SEEDED, AND
S IS THE NUMBEROF VOID DETECTED
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DIMENSIONALCHARACTERISTICSOFRESULTINGINTERNAL
VOIDSIN SINTEREDMATERIALS

MATERIALS SPECIMEN SPHEREdiam, NUMBEROF RESULTINGVOIDDIMENSION
THICKNESS #m SPHERES VOIDDEPTH,_m VOIDDIAMETER,#m

RANGE, SEEDED MEAN STANDARD MEAN STANDARD
DEVIATION DEVIATION

Si3N4 2-7 80 69 20 4 25 6
115 39 37 5 68 5
200 31 133 17 139 8
321 28 233 16 267 18
528 21 307 14 386 15

SiC 2-7 50 50 32 3 58 3
80 47 59 6 100 8

115 68 77 10 131 8
200 19 165 29 194 11
321 39 297 19 307 15
528 43 477 47 505 28

SCANNING ELECTRON FRACTOGRAPHS SHOWING
TYPICAL INTERNAL VOIDS IN GREEN SiC BARS

1mm

I I

100/_m
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SCANNINGELECTRONMICROGRAPHS
OFA TYPICALVOIDIN SINTERED

SiCBARS

ASEXPOSEDTOSURFACE

TEXTUREOFTHECAVITY-WALL-SURFACE
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SCANNINGELECTRONMICROGRAPHSOFTYPE
A INTERNALVOIDSIN SINTEREDSi3N4

L_-_-J

m_m

AS EXPOSEDTOSURFACE

CLUSTERSOFGRAINSPROJECTINGFROMTHECAVITYWALLS
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SCANNINGELECTRONMICROGRAPHSOFTYPEB INTERNAL
VOIDSIN SINTEREDSi3N4

L__ .__.._J _j

200r_m
ASEXPOSEDTOSURFACE BACKSCATTEREDELECTRONIMAGEATMODERATE 'q"

MAGNIFICATION
4" 4,

I I I.

200_m

BACKSCATTEREDELECTRONIMAGE BACKSCATTEREDELECTRONIMAGEATHIGHMAGNIFICATION



A SCHEMATICCONFIGURATIONOFMICROFOCUS
PROJECTIONRADIOGRAPHY

f- FOCALSPOTSIZE

X-_pAEY½R_Hv_WHOLE_. I SOURCETOORIGINALBEA A
/II II _\\ INTENSITY a- OBJECT

__-{T-I DISTANCE

/ / II - ANDIOR I DISTANCE
/ / ]I SECONDARY I

1 " / t _ CT Ug. GEOMETRII . ! _ I _ I I - C- 'I,," INTENSITYO, DIRE U

t u RADIATION UNSHARPNESSESSF_I--
D IS THICKNESSOFDEFECT
T ISTHICKNESSOFSAMPLE
#I ISATTENUATIONCOEFFICIENTOFTHEMATRIX
#t2 ISATTENUATIONCOEFFICIENTOFTHEDEFECT
f = 10 #m
ANODEIS MADEOFMOLYBDENUM

MICROFOGUSRADIOGRAPHY

SUMMARY OF POD STATISTICS FOR INTERNAL AND SURFACE VOIDS

IN GREEN AND SINTERED SiC AND Si3N 4

OPTIMUMSENSITIVITYAT 90195PODICL"

MATERIALS (GIVEN AS PERCENT OF SAMPLE THICKNESS)

INTERNALVOIDS SURFACEVOIDS

GREEN 2.6 I.4
SiC

SINTERED 1..5 I.7

GREEN 2.4 1.5
Si3N4

SINTERED 0.6 i.5

• 90/95POD/CL(PROBABILITYOFDETECTIONICONFIDENCELEVEL)

MEANSTHATTHEREIS A 5% PROBABILITYTHATTHE90% IS

AN OVERESTIMATEOFTHEPROBABILITYOFDETECTION
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LOWERBOUNDPROBABILITYOF DETECTIONOF SURFACE
ANDINTERNALVOIDSIN GREENISOPRESSEDSiC (GSC)

AND Si3N4(GSN)BARS

INTERNALVOIDS
tNGSN SURFACEVOIDS | SURFACEVOIDS

INTERNALVOIDS INTERNALVOIDS L_ INTERNALVOIDS
1.00-- INGSC M

ry fI

,.,, .60-- !I I

o_ // I

_ .40-

•< .20--

I/I I I= I I
0 1.0 2.0 3.0 4.0 5.0 1.0 2.0 20 4.0 5.0 O 1.0 2.0 3.0 4.0 5.0

THICKNESSSENSITIVITY.percent

GREENSiCANDSi3N4 GREENSiC GREENSi3N4

• PODCURVESWERECALCULATEDAT95PERCENTCONFIDENCELEVEL
• THICKNESSSENSITIVITY% = 100(VOIDDIMENSIONINX-RAYBEAMDIRECTION)/

(THICKNESSOFSPECIMENINSAMEDIRECTION)

LOWERBOUNDPROBABILITYOF DETECTIONOF SURFACE
ANDINTERNALVOIDSIN SINTEREDSiC (SSC)AND

Si3N4 (SSN}BARS

_-_ INTERNALVOIDSINTERNALVOIDS INSSCl INTERNALVOIDS
SURFACEVOIDS INTERNALVOIDS INSSN

INSSC3 INTERNALVOIDS
SURFACEVOIDS INSSC}
INSSC

=_o Loo- ..__r._=_.... -- _ .... -f. _

.,0# - Ii -;- ..........
_ .0o- _ _
__=: .4o- - -

.z0- -- -

_-" O LO 2.0 3.0 4.0 .5.0O 1.0 2.0 3.0 4.0 5.0 O l.O 2.0 3.0 4.0 .5.0
THICKNESSSENSITIVITY.percent

SINTEREDSi3N4 SINTEREDSiC SINTEREDSiCANDSi3N4

• PODCURVESWERECALCULATEDAT 95 PERCENTCONFIDENCELEVEL
• THICKNESSSENSITIVITY% = 100 (VOIDDIMENSIONIN X-RAYBEAMDIRECTION)/(IHICKNESSOF

SPECIMENIN SAMEDIRECTION
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SCHEMATIC ILLUSTRATION OF THE SCANNING
LASER ACOUSTIC MICROSCOPE

RECEIVER SCANNINGLASER

DYNAMICRIPPLE

GOLDREFLECTIVEFILM_ '\ /-COVERSLIP
' / r CERAMICSPECIMENWITH

WATER ,/ SEEDEDINTERNALVOIDS
COUPI _LASER-SCANNEDSURFACE

SIAGE

EFFECT OF SPECIMEN SURFACE CONDITION ON
SLAM IMAGE CLARITY

• AS-FIREDSURFACEPRODUCESA HIGHERBACKGROUNDNOISELEVEL

(I._ DETECTEDSEEDED
SURFACEVOID--

W

200 pm

AS-FIRED SURFACEPROFILE. ACOUSTICMICROGRAPHOF AS-FIRED SPECIMEN.

NATURALLYOCCURRINGDETECTEDSEEDED
IMPERFECTIONS--!__ SURFACEVOID7

I l_m

200um
HAND-POLISHEDSURFACEPROFILE.

ACOUSTICMICROGRAPHOF HAND-POLISHEDSPECIMEN.
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EFFECT OF SURFACE FINISH AND SPECIMEN
THICKNESS ON DETECTION OF VOIDS IN SSN

1.0 -- 0o90Probabilil 1.0 -- 1.0--0,90 Probability_

0' 90Pr°bab_P°lished--,,-- As-fired _Polished

.8 .8 -- .8

.6 .6 _ .6

ofPr°babilltYdetectlond t As-fired 4 ff__t
i

I

.2- ,,,,.y .2- .2_l

, I ,;I , I ,I , i , I I I , I II ,1 , t , t , I,I , I
0 40 80 120 160 20Q 40 80 120 160 200 40 80 120 160 200

Voiddiameter,pm

(a)SPECIMENTHICKNESS, (b)SPECIMENTHICKNESS, (c)SPECIMENTHICKNESS.
APPROXIMATELY4ram. APPROXIMATELY3mm. APPROXIMATELY2ram.

EFFECT OF VOID DIAMETER, VOID DEPTH, AND
MATRIX MATERIAL ON PROBABILITY OF DETECTION

BY SLAM
900/oPROBABILITYOF DETECTIONAT 95O/oCONFIDENCELIMIT

,16_ --

140C

110_!

6_

40O

200

! I
100 200 300 400 ._00 600

VOIDPlA/'AETER,pm

• DEPTHBELOWWHICHA VOIDWITHASPECIFIEDDIAMETERCANNOT
BEDETECTEDAT POO/CL= 90195

•e DETECTABILITYOFSMALLER,DEEPERVOIDSINSSNMAYBEATTRIBUTABLE
TO FINERGRAINSAND GREATERDENSITY{SSNAT > 99% VS SSG
AT- 97o/oTHEORETICALDENSITY)
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NDEFORCHARACTERIZINGCERAMICMICROSTRUCTIJRES

I
5 GROUPS OF a-SiC MOR I
BARSWITH: ]
• DIFFERENTDENSITIES

• DIFFERENTMICROSTRUCTURES

I SINTERED-HIPPED

SINTEREDAND MACHINED SINTEREDAND POLISHED AND POLISHED

10 BARSIGROUP 10BARSIGROUP [OBARSIGROUP

I I ' I I• X-RAY

• SLAM

ULTRASONICS:
• INSTRUMENTATION

HIGH-FREQUENCY

•PROCEDUREDEVELOPMENT
•VELOCITY
•ATTENUATION

{

I: 4-POINTBENDTESTFRACTURETOUGHNESS

I

: FRACTOGRAPHY iMICROSTRUCTURE
l

CORRELATIONS

NDE,STRENGTH,
FRACTURETOUGHNESS,

MICROSTRUCTURE,.
DENSITY,SURFACE

ASSESSMENT OF FRACTURE ORIGINS FOR NASA 6Y SINTERED SI3N4

SUB- SURFACESEAM SUB- COLUMNAR SURFACE METALLIC
SURFACE PORE SURFACE GRAIN DEFECT NCLUSION
PORE AGGLOMERATE

R.T. TOTAL 192a 56 44 28 25 17 13 9
FLEXUREFRACTURE
TEST ORIGINS

IDENTIFIED

PERCENT I00 29 23 14 13 9 ? 5
OFTOTAL

IZO0°C TOTAL 90a 23 19 9 7 14 O 18
FLEXUREFRACTURE
TEST ORIGINS

IDENTIFIED

PERCENT i00 26 21 10 B 15 O 20
OFTOTAL

1370°C TOTAL 127a 30 IS 25 3 32 0 22
FLEXUREFRACTURE
TEST ORIGINS

IDENTIFIED

PERCENT 100 24 12 20 2 25 O 17
OFTOTAL

aNUAABEREXCLUDES111,47,AND 41BARSFORR.T.,1200°C,AND 1370°C,RESPECTIVELY,WHEREFLAW
REGIONORFLAWTYPECOULDNOTBEDETERMINED.
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SUMMARY

SCANNINGLASERACOUSTICMICROSCOPY

VOIDDETECTABILITYWASAFFECTEDBYMATERIAL,MICROSTRUCTURE,SURFACEFINISH,
SPECIMENTHICKNESS,VOIDDEPTH,ANDVOIDSIZE.

• VOIDSWEREMOREEASILYDETECTEDIN SINTEREDSILICONNITRIDE(SSN)THANIN
SINTEREDSILICONCARBIDE(SSC).SSNGRAINSIZEWASANORDEROFMAGNITUDE
SMALLERTHANIN SSC.

• VOIDDETECTABILITYWASSIGNIFICANTLYIMPROVEDBYSURFACEGRINDING.IN
SPECIMENSWITHAS-FIREDSURFACES,0.90/0.95POD/CLWASNOTACHIEVEDFOR
ANYVOIDSIZEUPTO160pro.

• LITTLEORNOTHICKNESSEFFECTONDETECTABILITYWASOBSERVEDIN SPECIMENS
WITHGROUNDSURFACES.IN SPECIMENSWITHAS-FIREDSURFACES,DETECTABILITY
IMPROVEDWITHDECREASINGTHICKNESS.

MICROFOCUSX-RAYRADIOGRAPHY

DETECTABILITYOFVOIDSWASAFFECTEDBYPHOTONENERGYLEVEL,MATERIAL
COMPOSITIONIN THEVICINITYOFTHEVOID,DENSITYVARIATIONS,SAMPLETHICKNESS
ANDVOIDSIZE.

• LOWPHOTONENERGYLEVELS(<20 KeV)PRODUCEDBETTERRADIOGRAPHICFILM
CONTRASTAND HENCEBETTERVOID DETECTABILITYTHAN HIGHERENERGYLEVELS.

• YITTRIUMMIGRATINGTOTHEWALLSOFSEEDEDVOIDSAIDEDDETECTIONOFSOME
BUTNOTALLVOIDSIN SSN.YITTRIASINTERINGAIDWASTHESOURCE.

• DETECTABILITYOFVOIDSDIDNOTAPPEARTOBEADVERSELYAFFECTEDBYAS-FIRED
SURFACESRELATIVETODIAMONDGROUNDSURFACES.

• THETHRESHOLDLEVELOFDETECTIONOFVOIDSWAS1.5PERCENTOFSPECIMEN
THICKNESSOR50#m,WHICHEVERISGREATER,WHENTHE0.90/0.95PODICL
CRITERIAWASAPPLIED.
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FRACTUREMECHANICS

John L. Shannon,Jr.
NASA Lewis ResearchCenter
Cleveland,Ohio 44135

The applicationof fracturemechanicsto the design of ceramicstructureswill
requirethe precisemeasurementof crack growth and fractureresistanceof these
materialsover their entire range of anticipatedservicetemperaturesand standard-
ized test methods for making such measurements. The developmentof a standardtest
for measuringthe plane strainfracturetoughnessis the initialobjectiveof our
ceramicsfracturemechanicsprogram.

Currentfracturetests make use of a varietyof specimentypes (slngle-edge-notched
bend, double torsion,double cantileverbend, and surfaceflawed specimens)having
either blunt notchesproducedby saw cutting,or cracks producedby wedge loading,
indenting,or local thermal shock. Specimenswlth blunt notchescan overestimate
the fracturetoughness. Precrackedspecimensare difficultto prepare in a repro-
duciblemanner,and the initialcrack front often cannot be seen on the fracture
surfaceafter testing,which makes it impossibleto measure the initialcrack
length. These difficultiescan be circumventedby using a specimencontaininga
chevronnotch in which a crack originatesat the tip of the triangularligament
during the early stage of specimenloading. Specimenswith a chevronnotch were
first used by Nakayama in fracturestudies (ref. l). Later they were used by
Tattersalland Tappin for fracturesurfaceenergy measurements(ref. 2) and more
recently,by Barker for plane strain fracturetoughnessmeasurements(ref. 3). The
essentialfeaturesof the chevron-notchspecimenare that (1) a sharp naturalcrack
is producedduring the early stage of loading(no precracklngIs required)and (2)
the load passes througha maximum at a constantmaterlal-lndependentcrack length-
to-wldth ratio for a specificspecimengeometry(no post-testcrack length measure-
ment is required). For materialswith flat crack growth resistancecurves,the
plane strain fracturetoughnessIs proportionalto the maximum test load and a
functionof the specimengeometryand elasticcompliance.

Stress intensityfactor coefficientshave been determinedfor three varietiesof
chevron-notchspecimens,and fracturetoughnessmeasurementshave been made on
siliconnitrlde, siliconcarbide,and aluminumoxide to assess the performanceof
each specimenvariety. It has been determinedthat siliconnitrideand silicon
carbide have flat crack growth resistancecurves,but aluminumoxide does not.
Additionally,batch-to-batchdifferenceshave been noticedfor the aluminumoxide.
Experimentsare continuingto explainthe rising crack growth resistanceand batch-
to-batch variationsfor the aluminumoxide.

REFERENCES

l. Nakayama,J.: DirectMeasurementof FractureEnergiesof Brittle Heterogeneous
Materials. 3. Am. Ceram.Soc., vol. 48, no. II, 1965, pp. 583-587.

2. Tattersall,H.G.; and Tappin, G.: The Work of Fractureand Its Measurementin
Metals,Ceramicsand other Materials. J. Mater. Sci., vol. l, no. 3, 1966,
pp. 296-301.

3. Barker,L.M.: A SimplifiedMethod for MeasuringPlane Strain FractureToughness.
Eng. FractureMech., vol. 9, no. 2, 1977, pp. 361-369.
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PLANE STRAIN ELASTIC STRESS FIELD IN
VICINITY OF CRACK TIP

= cos - s,n2sin +°x (27rr)1/2 '''

-- cos_ +s,n_sin + _ 2aOy (27rr)112 ... _ x

KI . e 0 ]O
-- sm _cos_ cos_ +TxY (2_rr)I12 '''

Oz =V(ox + Oy); TXZ= "['yz=0

KI ISTHE"STRESSINTENSITYFACTOR"

KIc ISTHE"FRACTURETOUGHNESS"

CHEVRON-NOTCH.fPECIAfEN$

2/-I

SHORT BAR
SHORT ROD

___...,y_o2--_.",a,,R

_-'-'---'--$L------_ _'___ SUPPORT CRACKP'LAN£SECTION
ROLLER

FOUR-POINT BEND
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THEORETIC4IBASISFORCHEVRON-NOTCHSPECIMEN_C MEASUREMENT

AVAILABLEENERGYFOREXTENSIONOFCRACKBYAa:

p2 dCtr. Aa _.AU • 2W " da

NECESSARYENERGYFOREXTENSIONOFCRACKBYAa= ___.r_.,_

A_. Gic"b.Aa.KiZc•b. ,,, '_ al-atW
"_" o • alW

ao"a(/w
DURINGCRACKEXTENSIONAU • AW', AND: 112 ' "

ANDSINCEb-B[a-a°]-B [o-%1 I _ Ii
La*"°oJLOl-%j

KIc. p[ E dCtr 1/2 p I__ dCtr (a1..__.%._11/2 p y,2wd.-%_T ";-r_ d-;-_o-%/ " ;-_
L -_,_l'%J

_ OF

- ,--,3 o
A 0

4 --

KIc - MNm'3/2

3 -- B = 2H W W/2H ao czZ
O 8.9 13.3 1.5 0,20 - 0.51 1.0
A 8.9 15.1 1.7 0.20 - 0.51 1.0

[] 8.9 17.8 2.0 0.20 - 0.50 1.0

2 -- • 8.9 13.3 1.5 0.17 - 0.38 1.0

• 8.8 - 9.6 14.9 - 15.4 1.7 0.17 - 0.48 0.45 - 1.0

All d'lmensIonstn mm.

1 --

o I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6

QO
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CHEVRON-NOTCHSPECIMENKic FROMPmaxAND Ym

v,
i Pmax
i KIc= BYe" Ym
I
I

CHEVRON-NOTCHSPECIMENK CALIBRATIONSETUP
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CHEVRON-NOTCHSPECIMENK CALIBRATIONSETUP

CHEVRON-NOTCHSPECIMENK CALIBRATIONSETUP
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CHEVRON-NOTCtlSPECIMENK CALIBRATIONSETUP
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CHEVRON-NOTCHSHORTBhRSPECIMEN
DI/WEN$1ONLE$$COIVIPLIIINCE

SOO

C]EYRON NOTCH o0 ,, 0.4954S0

/1 _0fl NOTCH % - 0.345
r_ CHEYltOflNOTCH ,, -0.201o
_, a-lLrVP.ONNOTCH (I • 0.099o

400 0 (_:YRON NOTCH a -0.013o
0 STRAIG_rr-THROUQ4NOTCH

3SO
C'tr - CHEVRONNOTCH

C' - STRAIGirr-THROUGHNOTCH

300

2OO

15o

1o0

SO

o I I I I I
0 .1 .2 .3 .4 .S .6 .7 .8

Cl
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CHEVRON-NOTCtl$tlORTBIIRSPECIMEN
ST,_E$.,ClNTEN.,ClTYF,4CTORCOEFFICIENTS

o I I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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- KIcOFSIC

5 --

_ w

4 --

KI¢ - MNm"312

0
3--

B - ZH W WIZH % aZ2--

0 12.7 25.4 2,0 0.10 - 0.50 1.0

_. 1g.7 19.1 L5 0.10 - 0.50 I.o

[] 25.4 50.8 2,0 0.10 - 0.50 1.0

0 Z5.4 38.1 1.5 0.10 - 0.50 1.0
1 -- • _i.'7 z5,4 z.o o.zo 0.4o-1.o

• 25.4 50.8 2.0 0.20 _0.40 - LO

A11 d|r_nSJons Jn mm.

o I I .I l I I
0 0.1 0.2 0.3 0,4 0.5 0.6

(]o

6 k

%or
0

•
4 _ 0 0 ux.;

3

'_ 62 oli I I I I
.o . 0.2 oo o.3//_/ [o.4//J,-,__._ o.s

_o2,I w w/2H Oo _, I
s 0 25.4iso.8z.oo.zl-o.43 Io • _----<.'-.__-_./_

_v

• 12.7 19.11.5 o.o9- o.37 1.o '_L'_/ "_
_' [] 12.7 Z5.4 2.0 0 20 0 40 1 0

_- I I I I I
0.2 0.4 0.6 0.8 1.0
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V/IR/A T/O# /N X/C WITH C M C X  EXTENSION TO PM4,y 

- a1 = 1. a, VARIED 0 
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- 
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,ell203 R-CURVE$
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0
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5 --" 0

_o
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o I I i I { { { { l
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STRUCTURALCERAMICSRESEARCH

J.I. Mueller, R.J.H. Bollard,and R.C. Bradt
Universityof Washington

Seattle,Washington

OUTLINE

CERAMICRESEARCHAT U. OF W.

BRITTLEMATERIALSDESIGN PROGRAM

NASA PROGRAMRESEARCHAT U. OF W.
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STRUCTURAL CERAMIC RESEARCH at U. of W.

AKSAY,I. MSE powderprocessing,sintering

BERG,J. ChE colloidalstudies

BJORKSTAM,J. EE NDE/NDT

BOLLARD,R.J.H, AA evaluation,design

BRADT,R. MSE mechanicalproperties

DASH,G. PHY thermalconditions

EMERY,A. ME thermol stresses

FISCHBACH,D. MSE fibercomposite,carbon

HARTZ,B. CE design

KIKUCHI, R. MSE theoretical modeling

KOBAYASHI,A. ME mechanicalDrop.,dynamicfracture

LIN,K; AA elost,mechanicalcamp.

MILLER,A. MSE processing,environ,effects

RAMULU,M. ME dynamic fracture, machining

RAO,Y. MSE nltridationSI

REED,D. CE design

SARIKAYA,M. MSE chorocterlzotlon

SCOTT,W, MSE oxidation

STOEBE,T. MSE nltridotlon,defects

TAGGART,R. ME design

TAYA,M. ME camp. mechanics

WHITTEMORE,0 MSE processing

BRITTLE MATERIALS DESIGN PROGRAM (COURSE)

BRITTLE MATERIALS

PROCESSING of CERAMICS

ELASTICITY

MECHANICAL CHARACTERIZATION

MICROSTRUCTURE/MECHANICAL PROPERTIES

ENGINEERING PROPERTIES of CERAMICS

STRENGTH and FAILURE THEORIES

NDE/NDT

DESIGN of COMPONENTS

LABORATORY (PP) COMPONENT MANUFACTURE
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CURRENT NASA RESEARCH PROGRAM AT UW

I. PROCESSING AND CHARACTERIZATION

STOEBE - Lattice Defects in Si N3 4

RAO - Nitridation of Si

AKSAY - Powder Consolidation by Injection
Molding

SCOTT - Oxidation Resistance of Si 3 N 4

II. MECHANICAL PROPERTIES

MILLER - Environmental Effects on Si 3 N 4 ,SiC

EMERY - Thermal Fracture

KOBAYASHI - Impact, Erosion, Dynamic Fracture

BOLLARD - Evaluation of Mechanical Tests

BRADT/REED - Micromechanical Stresses

PROPOSED 86/87 CERAMIC/COMPOSITES

RESEARCH TOPICS

AKSAY - POWDER PROCESSING

RAO - NITRIDATION

MILLER -COMPOSITE NITRIDATION

BERG - COLLOIDAL PROCESSING OF
COMPOSITES

EMERY - THERMAL PROPERTIES

KOBAYASHI - DYNAMIC MECHANICAL
PROPERTIES

TAYA - THERMAL CYCLING FATIGUE

BRADT/REED - ANISOTROPtC RESIDUAL
,_TRESSES

BOLLARD - MECHANICAL CHARACTERIZATION
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COMPOSITE£1"IARACTERIZATION

I_terlol

Mathematical Modelling Experlmental Evaluation

gn & lnterpreto
of Test, _

Prediction of Elastic Anlsotroplc Failure
Behavior Constants Behavior Constants

and Failure _/_

Design of Materials and Structures
with Performance Prediction Up to Failure
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IMPROVEDSILICONCARBIDEFOR ADVANCED HEAT ENGINES*

Thomas 3. Whalen and 3.A. Mangels
Ford Motor Company

This reportdescribeswork performedIn the first year of the programconductedfor
NASA to develop siliconcarbidematerialsof high strengthand to form components
of complexshape and high reliability. The approach has been to adapt a beta-SIC
powder and binder system to the injectionmolding processand to develop procedures
and processparameterscapableof providinga slnteredsiliconcarbidematerialwith
improvedproperties.

The initialeffort has been to characterizethe baselineprecursormaterials (beta
siliconcarbidepowder and boron and carbon slnterlngaids), developmixing and
injectionmoldingproceduresfor fabricatingtest bars, and characterizethe proper-
ties of the slnteredmaterials. Parallelstudiesof variousmixing,dewaxlng,and
slnterlngprocedureshave been performedin order to distinguishprocess routes for
improvingmaterialproperties.

A total of 276 MOR bars of the baselinematerialhave been molded,and 122 bars have
been fully processedto a slnterdensity of approximately95 percent. The material
has a mean MOR room temperaturestrengthof 43.3 ksl (299 mPa), a Welbull character-
istic strengthof 45.8 ksl (315 mPa) and a Welbullmodulus of B.O. Mean values of
the MOR strengthsat lO00 °C, 1200 °C and 1400 °C are 41.4 ksl, 43.2 ksl and
47.2 ksl, respectively. Strengthcontrollingflaws in this materialwere found to
consistof regionsof high porosityand were attributedto agglomeratesoriginating
in the initialmixing procedures.

New fluid mixing techniqueshave been developedwhich significantlyreduce flaw size
and improvethe strengthof the material. InitialMOR tests indicatethe strength
of the fluld-mlxedmaterial exceedsthe baselinepropertyby more than 33 percent.

Plans for the developmentof the fluld-mlxlngprocessto reduceflaw size and
increasedensityand the optimizationof slnter-bodymlcrostructureto increase
toughnessof the siliconcarbidematerialswill be reviewed.

Contributionsto this programwere made by the following.

Ford Motor Company: R. Govlla,B.N. Juterbock,3.A. Mangels, V. Mindrolu,
L.R. Reatherford,S.S. Shlnozakl,W. Trela, T.J. Whalen, R.M. Williams,and
W.L. Wlnterbottom

NASA: S. Levlneand N. Shaw

*Work performedunder NASA ContractNo. NAS3-24384
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FXRST YEAR REVIE_

T. J- Whalmn

J. A. Mangels

May 219 _.986

OBJECTIVE :

Develop High Strength, High Reliability Silicon CarbideParts Having
Complex Shapes by a Method Adaptable to Mass Production on an
Economically Sound Basis.

APPROACH :

Adapt Powder and Binder System to Injection Molding Process and
Develop Procedures and Optimize Process Parameters Leading to a
Sintered Silicon Carbide Material withImproved Properties.

BENEFITS :

Silicon Carbide Parts for Advanced Gas Turbines and Other Heat

Engines Would Permit Higher TemperatureOperation with Resulting
Fuel Efficiencies.

START / FINISH :

February, 1985 to February, 1988
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TASK % t985 |986 1987 I i988 1989 tggo
NO. DESCRIPTION EFFORT 14---.-..- PHASE T _ PHASE ZZ---DI

1" BASELINE CHARAC. 5 _77777_

Tr M0R MATRIX 25 [////////_/////A

1";1" OPTIMIZED MOR 5 _]

TO" BASELINE LRG. SHP. 5

V LRG. SHP. MATRIX 25 _7")7"/'7Z_7"/F_

"v'r 0PTIM. LRG. SHP. I0

HHHJ•o'n" MAT'L./PR0C. IMP. 15 Y//////J///////J _///////,////////

17rrr T'CHARGE.FAB. 5 I_ */////J

1T RPTS./PROJ. MGMT. 5 __

Tfmtng Chart

DUTLZNE

TASK ! T. _. NHALEN

* SASELZNE PONDERS CHARACTERIZATION

* BABELZNE COMPOSZTION SELECTION

* BASELZNE RESULTS

TASK VtZ AND PLANS _. A= HANSELS

* PROCE_SZNB AN9 CORPOSZTtON

ZHPROVEHENTB

* PLANNZNS
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TASK Z

BA_ELZNE CHARA_TERZZAT_ON

CHEMICAL ANALYSIS - BASELINE MATERIAL

ELEMENT UF-Si C BORON CARBON

C 30.4" 0.36 98.6

0 0.85 1.71 1.12

AI 0.046 0.040

Fe 0.043 0.17 €0.005

Ca 0.019 0.046

Mg 0.015 0.55

Ti 0.005 0.047

Zr 0.005

S 0.25

• Weight Percent

B.E.T. SURFACE AREA

As Received Powders .or Baseline Bars

Ibiden UF Lot 0166 SiC 21.5 M=/g

Starck Lot S-3506 B 12.1M=/g

Monsanto Lot TL-24_ C 53.1M=/g
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PARTICLE DIAMETER I SPECIFIC GRAVITY I PACK DENSITY v

AND POLYPHASE ANALYSIS OF SiC POWDER FOR BASELINE BARS

Particle Diameter Volume Diet. Frequency Diet

UF Lot 0166

Median 1.05 0.61

Mode 1.16 0.64

8eometrlc Mean 1.04 0.@9

Arithmetic Mean 1.18 0.65

i

Specific Gravity 3.161 gmlcm =

Pack Density 0.787 gmlcm =

X-ray Polyphase Analysis

3C Phase 84,0 %

Disordered Phase 16.0 %

Sample: RNW-PARAFFIN CARNUBA LOl\ Date: 26-Au9-85 Timei El: 11:08

Si:e, i3.50'm£ File: TO^.01TG^.8&UG.1985
Rotr_: 5C/'HiN IOOHL/MIN ARG Operator: L.S_(EWES

Prosr,--m: TO^ Analysio Y2.0 Plot&ed: 26-^u9-85 108 561 43
I I I I I I 1 I I I 1 I I I J I I I J I l |

140 €_ @

• I
120 _ 5

I
I

I I
223. 7"C I

-J _ Gr- 3 >U) BE I
•04 | 4-

?
5O / r,

27/.9"C _ i(11"43 ms) /
\

20 _---..... " e.77 x 0
305.0%_k (1.18 mg)1.g2 X Reeld_u

47 _ (0.259 m9) 2. 18 %
370._333 m9) {O,294 m8)

1 1 I I 1 I _l I I I II I I I I I I I "1
O0 100 200 300 400 500 O00 ?DO 800 '900 ' 10'00 11'00

Temperoture (°C)
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S_mple: RMW-PARAFFIN LOWCARNU41A Dotes 5-^09-85 Time: 13,56,50

Size: 13.41 m9 -T-G/_ File: TGA. 13 TGA.TJULY. 1985
Rote: 5C/MIN Omm Ho Operotor: L. SKEWES

Progrom: TGA Anolysis V2._ Plotted, 5-Au9-85 15:44:12

I0

9.61%
-2

(I.2g mq) Rasldue,
4.9g Z (0.669 m9) 1._ l

351.2"C (0. 212 =9)
O 4

0 100 200 300 400 500 600 700 800 900 _1000 1100
Temperoture (°C)

Scmp]@: RHY-PARAFFIN LOW CARNUBA DcCe: 3U'JLJI-05 Tl=a, i3:_3,4_ _

Size, 7._73_ D SC Fllo: 7_SC.03 DSC. 3JUL.Y85
R_e: _C.'MIN ARG OporJtor= f..SKE_'_S
Prugr_m: IriterGc_Iv_ OSC %'3.0 Plotted, 31-Jui-85 i_,35:29

I I 1 I i I I I l I I I I 1 I I I I I I I I -
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TASK I

BASELINE _NARA_TERI ZATION

PRO_ESS

PROCESS
_8_ -- Ti|| --Die Tllp -- Time

-- Orynlll _Pretwure -- Temp

Tloe -- Prttturt

Position -- PoliLI=n in
-- in Die Fureeco

vl,u,1 Vi,.l
"-'_19_ "Anelymie I -- lnmpection -- Inmpection

!
Pert BL:| _ AQ_Lomlretm -- X-rey
Oimtrlbution Bizm

-Sur(itl Arll FrlctUrl -- Mill
--lur4acl

Inlgtctlon
- Dimmnmlanm

--Hems

Density

-Time Visual NeJn Strength Main Effect|

-lemp -- X-try Standlrd Dev, 2-factorInteraction1

-Pressure Ehrinkage Meln 0ensity - Lmvel of
BiQnificlnce

Pomition in Mmms geibull -- Plannin_
Furnmce Btr|ngth Next Mmtrix J

-- 0enmity Nmibull _Rec°mmendm"
-Modulum . tlanm to H_

M0A 10 fern Fracture Or19,
Minimum

Fliw 8i:m-lEN

Corr|ietion of
Propertle|.ith
Procmmmk M|LI,
ParIHtmrm
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COMPOSITION
-++ +++

RESIN

SOLIDS
LOADING

+-+

C-BLACK % m POWDER

S-F-- tJF

2 = BASELINE EXPERIMENT

LO_DIN_ C_R_ON E_C
N_8_ # LEVEL 80URGE iOURCE _T. D.

_B-_ _0

7 55.5 REBZN UF BB

_._ _m

8 55. 5 RE_ZN 8F 88
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BASELINE COMPOSITION

• Fr-om 2 = Exper'iment)

55= 5% Sol ids Loading

I I I I

X

Observa_l on Nunber
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SPCCHARTOFBASELINEMOLDINGPROCESS2.15
I I I

A

u
L_ 2.13
\

UCL
v

-:? v-VLCL

€_
c_
s-

2._ I I I
5 10 15

OBSERUATIOltS(FOUR-GROUPMEAI'IS)

f I I l :

SPCCHARTSINTERING

_1 3._,

, -- UC___L

f nn_nn_ m_ i1--1"_i i i / "Xi/

: L LCL
/

1
.4

J

.1J

OBSERUATIOI'IS
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NASA 48 BABELINE

FRACTOGRAPHYAND X-RAY

M,O.R. BAR_ FRACTURE ORISIN X-RAY

_o_ _ so.

5 39.9 6.2 3 - Sub Surface Porosity Large inclusions,
2 - Surface Porosity Camp. Surface

5 41.1 5.3 4 - Sub Surface Porosity Large inclusions,
1 - Surface Porosity C_ter Line

5 37.3 6.7 3 - 5ub Surface Porosity Clean
2 - Surface Porosity

5 42.3 3.9 3 - 8ub Surface Porosity 8mall inclusi_s
2 - Surface Porosity

M. O.R. BASELTNE SUMMARY

Mol dad "J'7 _:_*

X--ray acceptable 210

Dewax ed ( 1 run) 127

Si ntered (3 runs) 122

Room Temp. M.O.R. :_O

1000°C FF 6
SR _ ( est )

12OO°C: FF _:
SR _: ( eBt )

1400oc FF
SR _ (met)

* Number of M.O.R. Bars

FF Fast Fracture Test

SR Stress Rupture Test

73



TASK X

BASELINE CHARACTERIZATION

H.O.R. Rl|ult|

H.O.R. _A_ELXNE REBULT_

oRT 1 OOO °r" '12OO°C 3. 400 I_

Kli 43.3 41.4 43.2 47.2
R

_0 6 _

K=i 45.8 NEZBULL BAHPLE8 TOO
BHALL FOR

mPa (31S) ACCEPTABLE ACCURACY

m B

PR0_. OF FRILURE EXPECTED VRLUE
M0R KS! 1.60 2S,72

10,80 34.55
50,8@ 43.76

NUM_ER OF SAMPLES m 38.08 63.00 45,?9
WE_ULL OHRRRCTERZSTZC VRLUE - 45. S2 90.08 58.08
WEXBULL SLOPE • 7.97 95.00 $2.S9
DISTRI3UTION MERH = 43.14 99.00 55.51
STRNDRRD DEVIRTION • 6.43 99.98 50.41

NRSR BRSE LINE RT 3"28"86
99.9 ................................ , .................. l ............. :"......... ,':"..... t...... _................ '

SS

ss ................................i..................i.............._.........!_"'i ......i..........i----i9G]

90

0 ?Q ............................... :................... . ............ ........ _..... =; ....... . ........... :...:
_1 €;]n 5{]

>,,. 4_] ................................!..................i'""........'+, ......._........}......_.........i'"'_
I-- U 3Pl
I--t r_

_.J _ 2{] ................................i..................i.........._" ........." .......i......_........._'---"P..-i

rr - J{]

m _ i i , ! ! i i i i0 _"

13. n,
L:J

.j " p
--I

Ld .5 •
Z :

....................................................................................i......i...........{i
.I o : ; : : ! ;

MOR KSI
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FRACTURE SURFACE
FLAW ORIGIN--IRON RICH

FRACTURE ORIGIN

:.T= gSO SESS

iOO -

! : 58 -
":3 i

L) I
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FRACTURE SURFACE

FLAW ORIGIN--BORON RICH

FRACTURE ORIGIN

FLAW

BORON MAP
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FRACTURE SURFACE

FLAW ORIGIN--SULFUR RICH

LT= 300 SECS FRACTURE ORIGIN

200

150 I"

1

m 4-
H-z _oo_-

i ,

t

50 "

o
o. ooo 5. oo[1 !o. ooo

ENERGY(koV)
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6e HIGHTEI1PERSTI.IREllORSTRENGTHOFBRSELIPIESiC
I I I I I

TASK VII

OBJECTIVE :

CONTINUOUS THROUGHOUT THE PROGRAM

"ADVANCE THE STATE OF THE ART OF
SiC TRCHNOLOGY"

PROVIDE INPUT TO TASKS I AND IX
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WAYS TO IMPROVE THE STRENGTH OF A
CERAMIC . . .

_ KIE / cI/z

INCREASE THE FRACTURE TOUGHNESS
(MICROSTRUCTURE)

INCREASE THE ELASTIC MODULUS
(DENSITY) _

REDUCE THE FLAW SIZE _

_ ADDRESSED IN TASK VII

INJECTION MOLDED SiC
PROCESS FLOW SHEET

POWDER PR.EPARATION

I
BLEND SINTERING ADDITIVES

WITH SiC _

i
MIX SOLIDS WITH INJECTION MOLDING

BINDERS _S

I
INJECTION MOLD _$

I
BINDER REMOVAL _$

I
S INTER _

J
MACHINE

1
STRENGTH EVALUATION

$_ ADDRESSED IN TASK VII
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DEVELOPMENT OF IMPROVED MIXING
TECHNIQUES

FRACTURE ORIGINS IDENTIFIED AS
PROCESSING FLAWS

FLAWS IDENTIFIED AS AGGLOMERATES IN
THE INJECTION MOLDING BATCH

AGGLOMERATES WERE DETECTED IN THE
"MIXING" STAGE OF THE PROCESS

"GREEN" INJECTION MOLDED TEST BARS

STRENGTH CONTROLLING AGGLOMERATES
<UF POWDER)

NO AGGLOMERATES OBSERVED
(SF POWDER)

Imm

8O



DRY MIXING PROCESS
( ME THOD I :)

POWDER PREPARATION

I
DRY BLEND SINTERING ADDITIVES

WITH SiC

l
MIX SOLIDS WITH INJECTION MOLDING

BINDER USING DOUBLE PLANETARY
MIXER 311€:_l::

1
INJECTION MOLD _

_ AGGLOMERATES OBSERVED

DRY MIXING PROCESS
(METHOD 2)

POWDER PREPARATION

l
DRY BLEND S INTERING ADDITIVES

WITH SiC

1
MIX SOLIDS WITH INJECTION MOLDING

BINDER USING DOUBLE PLANETARY
MIXER ZZ

I
RE--MIX MOLDING BATCH IN HIGH SHEAR

HAAKE M I XE R _

I
INJECTION MOLD ZZ

_ AGGLOMERATES OBSERVED
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HIGH SHEAR MIXING WAS FOUND TO REDUCE
THE AGGLOMERATE SIZE

2_
I I I I

A _L
J
= 160

v -DRYMIXI_

__.. HIGHSH_ lIIXIl_

,o,I

120 _ _
UCL

co- R
t =,= -===_/ =-_/-= • \/-= -o

_.cL_/ " "
40- LCL

i

x
€
r

O]_serva_i on Mummer

FLUID MIXING WAS INVESTIGATED
TO REDUCE AGGLOMERATE SIZE

FLUID MIXING PROCESS
(METHOD 1)

POWDER PREPARATION

1
FLUID BLEND SINTERING ADDITIVES

WITH SiC

1
FLUID BLEND SOLIDS WITH INJECTION

MOLD ING B INDERS
(BINDERS DISSOLVED IN FLUID)

1
REMOVE FLUID BY DRYING

1
ADD ADDITIONAL WAX USING

DOUBLE PLANETARY MIXER _

I
INJECTION MOLD _

_ AGGLOMERATES OBSERVED
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FLUID MIXING WAS FOUND TO FURTHER
REDUCE THE AGGLOMERATE SIZE

^ --t_L
I
: 168--_..MIXlHCv

N HIGHSHTAtIllXI_

- .X UCL
II Goiv

e
/t. /'\--/"_/X_- x -

!=8o____. /,-...,x.sx. .-iF.. .,i-..
¢ 40- -_9_----_ -

_UiDMiXiNG
II
z: i

OJ_servati on ffumber

REGRESSION MODEL ILLUSTRATES THE
RELATION BETWEEN STRENGTH AND

AGGLOMERATE SIZE

?i
I l I i I

A
6O

I/I •

v 51
,C

01 II

IJ
I,,

Max.AgglomerateSize(um)

?I i i I y

/#'% 611--

I/i •

v 511
1"

C _ _e

o" = 10.39 + 280.34 c-t/:z

c-I_(ur_)-l/i_
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FLUID MIXING PROCESS WILL
BE USED IN THE REMAINDER
OF THE PROGRAM (TASK II)

INJECTION MOLDING

INJECTION MOLDING PROCESSING WINDOW
WAS IDENTIFXED

INJECTION MOLDING BEHAVIOR OF ALL
SILICON BASED CERAMIC POWDERS
IS A FUNCTION OF SURFACE AREA

2e

!

v iS • SILICOH -

o \ • SILICOHHITRIDE
o _ @SILIC_ C_,BIDE

•_ _ 68VOLLg_PERCENTSOLIDSw 19

Surface Area (e2/g)
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INJECTION MOLDING PROCESS YIELDS
WERE IMPROVED THROUGH EQUIPMENT

MODIFICATION

COMPOSITION: 12A -- 60. 0 VOL _ SOLIDS

ORIGINAL SYSTEM:

332 BARS MOLDED
221 BARS VOID FREE

66. 6 _ YIELD

IMPROVED VACUUM SYSTEM:

24 BARS MOLDED
23 BARS VOID FREE

95. 8 _ YIELD

B INDER REMOVAL -- S INTERING

CURRENT PROCESS USES
VACUUM FOR BINDER REMOVAL
VACUUM FOR SINTERING

VACUUM PROCESSING RESULTS IN CRACK
FREE TEST BARS HAVING GOOD DENSITY

PROBLEMS ARE ANTICIPATED WITH
VACUUM PROCESSING:

CRACKING IN THICK CROSS SECTION
COMPONENTS

LOW DENSITY AREAS ON AS SINTERED
SURFACES
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EXPERIMENTS WERE INITIATED TO
INVESTIGATE ALTERNATIVES TO VACUUM

PROCESSING DURING BINDER REMOVAL
AND SINTERING.

" BINDER REMOVAL

2 _ EXPERIMENTAL DESIGN

VARIABLES:
HEATING RATE
PRESSURE

PERCENT VACUUM
BINDER SINTERED

EXP. REMOVAL DENSITY

I) -- -- 91.7 93.5
2) . _ 91.4 93.6
3) -- + 95.8 93.5
4) + + 96.4 93.8

EXP. 1 USED FOR BASELINE PROCESSING

EXP. 3 OFFERS POTENTIAL FOR
PROCESSING LARGE COMPONENTS

SINTERING

ARGON SINTERING POTENTIAL
DEMONSTRATED

SINTERED DENSITY VS SINTERING
VARIABLES

I0 -- 89.7. • 93.2

o

w 5- 91.8 s

faJ. Molded Test Bars
Vacuum Binder Removal
Argon Sintered

o 1 1 f
2100°C 2150 °C 2200 "C

SINTERING TEMPERATURE "C
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FUTURE PLANS

TASK II

_ KIE / cI/2

FIRST ITERATION:

REDUCE PROCESSING FLAW SIZE
( AGGLOMERATES )

SECOND ITERATION:

INCREASE DENSITY (ELASTIC MODULUS)

OPTIMIZE MICROSTRUCTURE ( INCREASE
FRACTURE TOUGHNESS)

FUTURE PLANS

TASK VII

CONTINUE TO STUDY WAYS TO REDUCE
AGGLOMERATE S IZE

CONTINUE TO INVESTIGATE BINDER
REMOVAL TECHNIQUES

CONTINUE TO STUDY THE INTERRELATION
BETWEEN B INDER REMOVAL AND S INTERING

INITIATE WORK TO INCREASE S INTERED
DENSITY AND IMPROVE SINTERED
MICROS TRUC TURE
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PROGRAM TIMING CHART
PHASE I

TASK [ 1986 1987 1988

Complete

I BASELINE

Iter. 1 Iter. 2

II MOR MATRIX } -J 1
Reduce "c" Inc. Kz, E

iiioPTMoR } I
Reduce "c" Inc. Kz, E

VII TECH. ]
Mixing Comp. & Sinter

VIII TURBO. MOLD. I [
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STRENGTH OPTIMIZATIONOF _-SIC BY IMPROVEDPROCESSING

Sunll Dutta
NASA Lewis ResearchCenter
Cleveland,Ohio 44135

Siliconcarbide is of great interestfor structuraluse in aircraftand auto-
mobile engines. This ceramiccombineshigh thermalconductivityand low coefficient
of thermalexpansion,and consequentlyhas good thermalshock resistance. However,
llke other ceramics,siliconcarbideshows strengthvariabilitydue to processing
flaws such as large voids, shrinkagecracks, inclusions,etc. Agglomeratesin the
startingpowder seem to be the predominantcause for such defects. Improvedpro-
cessingtechniquessuch as slurry pressingand hot Isostatlcpressingwere employed
to minimize these defectsand to improvestrengthand reliabilityin the fabricated
material. For this purpose2-1nchdiameterdiscs were fabricatedby variousconsol-
idationtechniques. These include: (1) dry pressingand slntering,(2) slurry
pressingand slnterlng,and (3) slurry pressingand HIPing. High density
(>96 percent of theoretical)was producedby slnterlngat 2150 - 2200 °C. By con-
trast,a much lower temperature(1850-1900°C) was requiredby HIPingto achieve
high final density specimens. Dry pressingand slnterlngyieldedan averageflexure
strength(4-polntbend) of 350 MPa (50 ksl), while slurry pressingand slntering
produced an averagestrengthof 430 MPa (62 ksl), a 30 percent improvementin
strength. Further, slurrypressingand HIPing yieldedan averagestrengthof
580 MPa (84 ksl). This strengthvalue is 60 percenthigher than the dry-pressed/
slnteredstrength,and 30 percenthigher than the slurry-pressed/slnteredstrength.
The HIP siliconcarbide exhibitedan ultraflnegrainedmlcrostructure(0.3-3_m) as
comparedto 1-30 _m produced by slnterlng. Processrelateddefectssuch as large
isolatedvoids, shrinkagecracks,etc. were not observedin HIPed siliconcarbide.
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TABLE I ANALYSIS OF AS-RECEIVED a SiC POWDERS

IMPURITYANALYSIS(PPM)

TYPEI TYPE2 TYPE3

ELEMENT a- SiC(IO0'_) a- SiC(B,C) a- SiC(AI,C)

AI .50 140 1.2'

Ca 70 40 20
Fe I) 10 40

Ti 20 30 5O
V 20 20 40

B - 0.60* --

FREE C I.66* 7.31" 6.]D*

SURFACEAREA(BET) 31.47 4.19 11.38

m2/gm

':_VTPERCENT CD-86-19198

RELATIVEDENSITYOFTHREETYPESOFSTARCKo_.SiCPOWDER
SINTEREDFOR30minATDIFFERENTTEMPERATURES

100-
TYPE2a-SiC (B,C)

90--
RELATIVE (AI,C)
DENSITY 80 u
(%OF

THEORETICAL)

70 -- TYPE1(100%a-SiC)

I I I I I
6_1800n 1900 2000 2100 2200 2300

TEMPERATURE,°C

V-1270

CS-B3-1723
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PROCESSINGAND PROPERTIESOF TYPE 2 (AS-RECEIVED) a - SiC (B, C) MATERIAL

s - SiC SINTERED TIME, DENSITY, MORITEST NUMBEROF MEAN WEIBULL/R2,
TYPE TEMPERATURE,rain g/cm" TEMPERATURE,SPECIMEN MORIS-D., m

Oc MPa

2 2150 30 95 RT 23 3531 11195

2 2150 60 96 RT 28 306132 12197

2 2200 30 97 RT 30 404140 12189

2 2150 30 95 1370 20 3121 7197

2 2150 60 % 1370 24 2651:32 10194
2 2200 30 97 1370 30 316153 7180

CD-86-19202

WEIBULLPROBABILITYCHARTFORROOMTEMPERATURE

FRACTUREOFSTARCKTYPE2 o_.SiC(B,C)

99190 •

70-
- m STRENGTH, SINTERED

50 - MPa TEar,P/TIME

30- m 11 350 2150C130MIN
• 12 308 2150C!60MINi

CUMULATIVE - _ • 12 404 2200C!30MIN
PERCENT • • •

• I •
FAILURE I0 _--- • •

-- I
5- • •

3-
_ []

I , I , , , , ,I
1100 200 400 600 800 1000

FOURPOINTFLEXURESTRENGTH,MPa cD-_-_7
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WEIBULLPROBABILITYCHARTFOR13700CFRACTUREOFSTARCKTYPE2cx-SiC(B,C)

AR
99 - • m0

t
70

50 - m STRENGTH, SINTERED
_ MPa TEMPITIME

30 • 3 305 2150C/30NIIN.
• 9 273 2150CI60MIN.

CUMULATIVE • 7 316 2200C/30MIN.
PERCENT •,
FAILURE • I

10--
- •1 L

5-

3

II0
i I J I , I J I,I
I00 200 400 600 800 I000

FOURPOINTFLEXURESTRENGTH,MPa
CD-85-161/8

ROOMTEMPERATUREFRACTUREOFDRY-PRESSED/SINTERED_.SiC

of-22/MPa of-225MPa

CD-86-19188
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SLURRY-PRESSINGFLOWDIAGRAM

I SiCPOWDER(-100MESH) I

1

I MIXWITHNH4OH/H20 I
(PH~ 11)FOR48hr

1
I SLURRYPRESSAT14MPaI

DRYATROOMTEMP.
FOR48hr

1
ISO-STATICPRESS

AT413MPa

1
SINTERAT

1900- 2200°C

I MAC,,NETOTESTBAR I

I CHA AC,  ,ZA,,OtDENSITY,MOR,FRACTURE CD-86-10200

SCHEMATICOFSLURRYPRESSINGAPPARATUS

......... J //- VACUUMEXHAUST

f TOP PLUNGER
/

1"

__v_,,f DIE
.... PREFORMEDBULK

,--_-\ FILTERPAPER

\_-_ POROUSSTA,N_SSSTEE_

_ _-F,LTERPAPER
_"_ POROUSSTAINLESSSTEEL

'--BOTTOMPLUNGER

CD-86-19193
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PROPERTIES OF SINTERED VS HOT ISOSTATIC PRESSED o - SiC

a - SiC PROCESSING DENSIFICATION TIME, DENSITY MEAN NO.OF WEIBULLIR2
TYPE METHOD TEMPERATURE, rain (%OF MORI6-D SPECIMEN m

°C THEORETICAL) MPa

2 DRYPRESS/ 2200 30 97.4 342±52.8 30 8
SINTERED (49.6_5.7 ksi)

2 SLURRYPRESSI 2200 30 96.5 416± 53.3 22 9. 3
SINTERED (60.3± 1.7 ksi)

2 SLURRYPRESS/ 1900 30 95.3 580±77 15 8.8
HIPed

2 SLURRYPRESS/ 1800 30 80.5 N.D. 8 N.D.
HIPecl

CD-86-19197
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ROOMTEMPERATUREFRACTUREOFSLURRY-PRESSED/SINTEREDo_.SiC

| ! [ J

100p 100p

of - 340MPa of - 260MPa
CD-86-19189

HIPing OF STRUCTURAL CERAMICS

ADVANTAGES:

HOTISOSTATICPRESSING(HIPing)OFSTRUCTURALCERAMICS,e.g.,

Si3N4ANDSiC.

oENHANCESDENSITY(APPROACHESTD)

o IMPROVESMICROSTRUCTURE

o SIGNIFICANTLYINCREASESSTRENGTH

o IMPROVESRELIABILITY

CD-86-19185
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HOTISOSTATICPRESSING- GENERALFLOWCHART

SiC + ADDITIVES(B, AI, C) !:

GREEi PART

I

SINTERPARTS

J TO I J VACUUMSEALINTAOR jCLOSEPOROSITY GLASSCAN

HIP I INTERATIONS_i SELECTED

J STRENGTHANDMICROSTRUCTURE
CHARACTERIZATION

I OPTIMIZATIONOF COMPOSITION I
AND PROCESSING

I RELIABLECERAMIC 1
PARTS

CD-86-19186

MICROSTRUCTUREDEVELOPMENTINSINTEREDANDHOTISOSTATICPRESSEDa.SiC

DRY- PRESSED/SINTERED SLURRY-PRE SSED/SINTERED SLURRY-PRESSED/HIPed
2200 C / I/2 hr 2200 C/I/2 hr 1900 C / I/2 hr
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REPLICAPHOTOMICROGRAPHSOFSINTEREDANDHOTISOSTATICPRESSEDo_.SiC
,a,'

A,

/

L

DRY-PRESSEDISINTERED SLURRY-PRESSEDISINTERED

I I

5p

SLURRY-PRESSEDIHIPed

CD-86-191qO

ROOMTEMPERATUREFLEXURESTRENGTHOF
SlNTEREDVSHIPedSILICONCARBIDE

100 -- (c)

T

80 -- (b)

T(a) r_

±
FLEXURE 60-

STRENGTH,
ksi

40--

20 --

0
DRY SLURRYSLURRY

PRESS PRESS PRESS
SINTEREDSINTEREDHlPed
2200°C/ 2200°C 1900°el

1/2hr 112hr 1/2hr

CD-86-191%
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ROOMTEMPERATUREFRACTUREOFHOTISOSTATICPRESSEDo -SiC

_" "-'-J L ____J t I
1 mm 1 mm 1 mm

of-445 MPa of-480 MPa of- 530MPa

CD-86-19191

CONCLUSIONS

e DRYPRESSING/ SINTERINGOFSTARCKALPHASILICONCARBIDEPRODUCED
HIGHDENSITYBODIESWITHANAVERAGEFLEXURESTRENGTH(4-POINTBEND)
OF350MPa(.50ksi).

e INCONTRAST,SLURRYPRESSINGI SINTERINGPRODUCEDANAVERAGE
STRENGTHOF430MPa(62ksi), A 30%IMPROVEMENTIN STRENGTH.

e FURTHER,SLURRYPRESSING/ HOTISOSTATICPRESSING(HIPing)PRODUCED
HIGHDENSITYBODIESAT1850- 1900°C, WITHANAVERAGESTRENGTHOF
.580MPa(84ksi). THISSTRENGTHVALUEIS 60%HIGHERTHANTHEDRY-PRESSED/
SINTEREDSTRENGTH,AND30_ HIGHERTHANTHESLURRY-PRESSED/ SINTERED
STRENGTH.

e THESLURRY-PRESSED/ HIPedMATERIALEXHIBITEDAN ULTRAFINEGRAINED
(0.3- 31Jm)MICROSTRUCTUREAS COMPAREDTO1 - 301JmPRODUCEDBY
SINTERING.

e PROCESSRELATEDDEFECTSSUCHASLARGEVOIDS,ANDSHRINKAGECRACKS
WERENOTOBSERVEDIN HIPedSILICONCARBIDE.
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IMPROVEDSILICONNITRIDEFOR ADVANCEDHEAT ENGINES

H.C. Yeh
AIResearchCastingCompany

Torrance,CA 90509

and

3.M. Wimmer
GarrettTurblneEnglne Company

Phoenix,AZ

Siliconnitrlde is a high temperaturematerial currentlyunder consideration
for heat engine and other applications. This presentationdescribesthe progress
made in the first l-I/2 years of a NASA funded,5 year programon improvedSI3N4.
The objectiveof this programis to improvethe net shape fabricationtechnologyof
SI3N4 by injectionmolding. This is to be accomplishedby optimizingthe pro-
cess througha series of statisticallydesignedmatrix experiments. To provide
input to the matrix experiments,a wide range of alternatematerialsand processing
parameterswere investigatedthroughoutthe whole program.

The improvementin the processingis to be demonstratedby a 20 percent
increasein strengthand a lO0 percent increasein the Welbullmodulusover that of
the ACC baselinematerial. A full characterizationof the baselinematerlal/process
was completed. The room temperatureMOR and Weibullmodulusof the as-processed
test bars were establishedas 79.3 ksl and 7.9, respectively. In the first itera-
tion of the MOR matrix experiments,a materialwlth a room temperatureMOR of 97 ksl
and a Welbullmodulus of 14 has been developed.

Material propertieswere found to be highly dependenton each step of the pro-
cess. Several importantparametersidentifiedthus far are the startingraw
materials,slnter/HIPcycle, powder bed, mixing methods, and slnterlngaid levels.
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OBJECTIVES

• DEVELOPFABRICATIONTECHNOLOGY BASE

• INCREASE THE AS PROCESSEDTEST BAR
STRENGTH BY 20% (RT THRU 2550°F)

• INCREASE WEIBULL MODULUS BY 100%

• ACHIEVE INJECTION MOLDING CAPABILITY
FOR LARGE COMPONENTS

NASA WORK STATEMENT:. SCHEDULE AND
EFFORT

TASK PERCENT YEARS FROM CONTRACT INITIATION
NO. DESCRIPTION EFFORT 1 2 3 _ 4 5

PHASE I . _PHASE I1_""
J

I. BASELINE 5 !
CHARACTERIZATION

II. IMOR MATRIX 25 • HI :

II1. OPTIMIZED MOR 5

IV. BASELINE LARGE 10 _lB
SHAPE

V. LARGE SHAPE 25 : i
MATRIX

Vl. OPTIMIZED 10
LARGE SHAPE

VII. MATERIAL/PROCESS 15
_IMPROVEMENT

VIII. REPORTS/PROJECT 5
MANAGEMENT

SPA 8596-74A
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INJECTION MOLDING PROCESS

BINOF.-RI

L '(MILLING) .J
I

t BLENDING }
I

I PELLF-TIZING I
I

I INJECTIONMOLDING I
I

I BINDERREMOVAL ]
I

I SINTERING I
I

I I

ITERATIVE APPROACH FOR IMPROVING CERAMIC
MATERIALPROPERTIESAND PROCESSCONTROLS

PROCESSCHARACTERIZATION
OF PARAMETER

POWDERS STUDIES

POWDER _ FEEDBACKTO

CHARACTERIZATION NEXTITERATION
ANDPROCESSING CHARACTERIZATION

POST-PROCESSING
PROCESS EVALUATION

PARAMETER

V

STUDIES ___ _.=

IN-PROCESS CHARACTERIZEDPREFORM

CHARACTERIZATION _FOR DENSIFICATION_ ANDDENSIFICATION ]%_
PROCESS IN-PROCESS

PARAMETER CHARACTERIZATION

STUDIES
SPA 8777_5
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PROCESSING VARIABLES

(STARTING POWDER[ _ IINJECTION MOLDING[

• ALTERNATESi3N4 • GATE SIZE • MACHINE
• ALTERNATEADDITIVES • GATE ORIENTATION • TEMPERATURES
• LOT VARIATIONS • SEPARATION DESIGN • PRESSURE

• TEST BARS PERSHOT • RAM SPEED
• VACUUM

[COMPOSITION] _

• % A1203, Y203 • ALTERNATEBINDERS • TEMPERATURE
• ZrO2 • % BINDER • PRESSURE
• Y203.Si02 • PLASTICIZER • CYCLE

• WETTING AGENT • APPROACH
• LUBRICANT • TIME
• DISPERSANT • EQUIPMENT
• ACID-BASE CONTROL • CYCLE

I POWDER PROCESSING] _

• ALTERNATEMILLING • MIXER • TIME
• CLASSIFICATION • TIME • TEMPERATURE
• ELUTRIATION/WASHING • TEMPERATURE • OVERPRESSURE
• MILLING AIDS • SHEAR RATE • CYCLE
• TIME • SOLVENT • EQUIPMENT

• VACUUM • FIXTURING

sea8596-191A

PHASE I DIRECTED TOWARDS TEST BARS

I TASK I BASELINE I TASK II t
MATERIAL CHARACTEAI ZATION MOR MATRIX

OPTIMIZATION

EXPERIMENTS

STATISTICAL AND

PRIOR DESIGN TO SCREEN _ IFABRIEATION AND
EXPERIENCE MON KEY VARIABLES "_MOR CHARACTERIZATION

MATRIX AND DETERMINE _OF ] LOTS OF
INTERACTIONS _OPTIMIZED MOR BARS

OPTIMIZATION

EXPERIMENTS

STATISTICAL AND
FRACTUREANALYSES

_/
TASK VII SEQUENCE OF EXPLORATORY PROCESS PARARETEREVALUATIONS

SPA 8596-79C
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NASA IMPROVED Si3N4

BASELINE TEST BAR
INJECTION MOLDING

TASK I

452 BARS

NON-DESTRUCT,VEAND/
DESTRUCTIVE EVALUATION

I I BASELINERE_ERENCE
, TAS_=r.MATRIX,

/ RANDOMIZATION / 24 BARS

I
[ I I I

BINDER BINDER BINDER BINDER
REMOVAL REMOVAL REMOVAL REMOVAL

LOAD I LOAD 2 LOAD 3 LOAD 4

88 BARS 80 BARS 80 BARS 80 BARS

I I I I

SINTERING SINTERING SINTERING SINTERING

LOAD ! LOAD 2 LOAD 3 LOAD 4

70 BARS
7O BARS 70 BARS 7O BARS + 6 EXP.BARS

I

BASELINE CHARACTERIZATION /

SPA8597-4B
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NASA IMPROVED Si3N4
TASK I PROCESS FLOW CHART AND
CHARACTERIZATION SCHEDULE

e_Tc.o_Po_oE_/
A.OAOO,T._ESTo
_,._ ATLEAST
200 MORBARS ,N-PROC[$S FIN-PROCESS tIN-PROCESS

f _.EASu_.tS /_ASU_E.tS 1.EASU_.E.tS

VISUAL _Vt$_LCHEMICAL ANALYSIS RH[OLOGY VISUAL INSPECTION FRACTUREOF 5 TO _W[IGHT
_OXYGEN ANALYSIS L_GENEITY _FRACTUR[ 20 TO 30 WEIG_DI_[NS|ONS _10 DEWAXEDBARS L OI_[NSIONS
_[LECTROPHORESIS |INJECT[O BARS _STRENGTH OF S TO
_P_TiCLE SIZE _STAENGTH TEST OF |I0 DEWAXEDBARS
JDISTRIBUTION 20 TO ]0 INJECTED BARS _POROSIMETRY OF
_$U_FAC[ A_EA 3 oEuAxEo BARS

_D[GR[[ OF AGGLOM[RATION
_MAXIMUM PARTICLE

SIZE

1 MEASURELESS

STATISTICAL _D 0EV[LOP STATISTICALLY
POSTPROCE$$ FRACTOGRAPHIC

SI_[RING C_RACTERIZAT|0N _ _ DESIGNED MATERIAL/ANALYSES PROCESSIMPROVEM[_
EXPERIMENTAL PLAN

!

--NOT AND VISUAL -AVERAGE STRENGTH _ IDE_IF¥ KEY VARIABLES
-DENSITY -STANDARD DEVIATION _PREPARE DETAILED FIRST
--CHEMICAL _ALY51$ --WEIBULL CH_ACTERISTIC STRENGTH l FACTORIAL TEST _TRIX
--OXYGEN ANALYSIS --WEIBULL _DULU$ _IOENTIFY IN'PROCESS AND
--X'RAY DIFFRACTION --WEIBULL PLOT J POSTPROCESSHEASUREME_S
--WEIG_ CHANGE -- F_CTUR( ORIGIN POSJTJON FOR EACH |REQUIRED
--DIMENSIONS GREENAND SINT[RED BAR _SUBMIT PLAN FOR NASA
--ROOM-TEMPERATURENOR_ ]0 BARS MINIM_ -- FLA_ SIZE AND TYPE FOR EACH APPROVAL
--_OR AT ] ELEVATED TEMPERATURES-- GREENAND SINTERED BAR

APPROX IO BARS AT EACH TEMP -- SEM OF SELECT[O BARS
--STRESS RUPTUREAPPROX 10 BARS _CORRELATION OF STRENGTH/FLA_ TYPE/
--OXIOATION STABILITY, APPROX20 BARS PROCESSLIMITATION

MICROSTRUCTURE

SPA BS96_0A
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TEST BAR SlNTERING SUPPORT

WEIBULL ANALYSIS OF BASELINE ROOM
TEMPERATURE DATA

MOR(MPa)

80 !O0 200 300 400 500 O00 800
gg = -- _ 3-Z

_ )lq-o/52- 3 - jr_3
gO Z_S'- 3 -- I 1"1-_

_+7-O - i.k.2
zt.t -i

le2 -J --
I £1-3 _ tq-,3
_'Ic- 3 . _l'rI *i
,st .j - *z'1-2
.... ,,_ - ,;:-+,
_t"/-/ - -- )'-l-f
41+'*-- __ 4+-1

t*]-:_~I"-
Z 3s'l-+-- -- '+'+r-I

44 _,-+- -- +6-+
UJ _+ +3- 50 - +
r, -- +'S'?. _4_6 "2 -

43-3-- -- 'ff+.l,37£'3-- S3-+
_ 3+16oi

_ + _- .,,-,

(_ TE_T BAR _ERIAL NUMBgR _ /=- 3o=-z/O-- S1-4

C)r,. SuRFAC.F- GUALITY (VI_M/_L INSPI_CT+ON) G,Rhpj= 70°_ - _,_:Z_

0.. /o_ 5"$-4
LU 1[ / o-- 3_6-+
r,.- /

o-- £E']
._I

_1- o-- 40_ - 4

5 o-- 4Z2 -+

INITIAL O0 BASELINE BARS / IMPROVEDS+3N4 / mAS3-24385

AVERAGE STRENGTH _ "7-"'+++""_ '/

2 STD. DEV.
WEIBULL MODULUS =_)
CHAR. STRENGTH - 84.1 ksi +

I ; I ' ' =
lo 20 3o 40 5o eo o 8o gozoo z2o 14o

MOR (ksl)
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BASELINE STRENGTH

TEMPERATURE, °C

500 1000 1500
i I I

90-

80 '

70-
-I"
_- 60- FOUR-POINT
,,,::" 50- BEND TEST OF

AS PROCESSED B
I-u_ 40-

Z 30-
iJJ

m 20 - T- STANDARD
DEVIATION

10-

0 I I I I I
500 1000 1500 2000 2500

TEMPERATURE,°F

WEIBULL DISTRIBUTION FOR HIGH TEMPERATURE DATA
99.9

_A_E';N__"_hIAL,-H I IIII111 IIIII99.0 -- AT 2550°F

w_°0..,,,,,,/ IIIII IIII90.0- MODULUS = 5.1
CHARACTERISTICI I IIIIIII IIIII80.( -- STRENGTH = 22.57

ItHLI- "" STRENGTH = 20.76.............

_,oo_v=,o, lllllU NO. OF BARS = 12Jr,- 40.0

30.0 Illlll I II(lllll IIIII
20.0 II!111/ IIIIIIIII IIIII

BASELINE MATERIAL
<: AT 19500F
¢ 10.0

° IIIIJ I! I I!11WEIBULL MODULUS = 8.6
" CHARACTERISTIC
uJ 5.0 STRENGTH = 61.74

NO. OF BARS --- 13
BASELINE MATERIAL

1.o II1_ w_,°o...o=u_=,o.ooCHARACTERISTIC
0.5 STRENGTH = 49.5

0.135 ........................

SPA 8794-10A 0.1
1 1.52 3 45678101.52 3 45678100 2 3 4567891000

MOR, KSI
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BASELINE STRESS RUPTURE

PRELIMINARY TEST CONDITIONS

1800°F 2200°F 2500°F

10 KSI -- 24 HR 10KSI -- 24 HR 10KSI -- 9 HR, 42 MIN

20 KSI -- 24 HR 20 KSI -- 24 HR

30 KSI -- 24 HR 30 KSI -- 24 HR

40 KSI -- 1 MIN 40 KSI -- 24 HR

50 KSI -- 0

FINAL TEST RESULTS

40 KSI -- 7 HR, 22 MIN 40 KSI -- 0

40 KSI -- 17HR, 19 MIN 30 KSI -- 1 MIN

30 KSI --100 HR (SURVIVED) 30KSI--3HR, 38MIN

30 KSI -- 4 HR, 55 MIN

SPA 8794-1

TASK VII EXPERIMENTAL MATRIXES

EXPERIMENTAL
MATRIXNUMBER

PROCESS
VARIABLE 1 2 3 4 5 6 7

RAW MATERIAL X X X

BINDER X X X X

BINDER EXTRACTION X X X

INJECTION MOLDING X X

POWDER PREPARATION X X
(MILLING)

COMPOSITION X

SINTERING X X X
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MIXING BEHAVIOR COMPARISON ON
TORC UE RHEOMETER

m" 100

a.
_ 50
P- 2000

8 HR. MILLING TIME

O_

E

O
rr

o_

0
0 TIME (MIN) 40

GTE SN502 Si3N4 + 6% Y203 + 2% AI203
AT 15,50/oBINDER

AS INJECTED TEST BAR SURFACES

A. 8 HR. MILLING B. 8 HR. MILLING C. 24 HR. MILLING
99°C (2100F) MOLDING 77°C (170°F) MOLDING 77°C (170°F) MOLDING

GTE SN502 Si3N4 + 6% Y203 + 2% AI203 AT 15.5% BINDER
SPA 8687-119
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FLOWCHARACTERISTICSOF INJECTIONMOLDING

NASA IMPROVED Si3N4

SURFACE CHANGE DURING DEWAX -- 96 HOUR MILLED POWDER

AS INJECTED DEWAXED
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DEWAX EFFECT

I _TO DEVELOP_ inn
210t-\ ,_ _DEFECTS _'-- °O

°u. /-. \ _> DUE TO .'X]| '_ _ [_ EXCESS ,1;"
uJ" 200 L- \ _ _ BINDER _>_ a:

L',, "',,, °-' 90
19o ,,=,

170 ._1

°t16o 70
150 I i

6 12 24 48 96

MILLING TIME, HOURS

GTE SN502 +6% Y203 + 2% AL203 AT 15% BINDER

NASA IMPROVED Si3N4
TASK II EXPERIMENTALMATRIX

1/2 REPLICATEOF A 25 FRACTIONALFACTORIALDESIGN

C+ C-

D+ D- D+ D-

E+ E- E+ E- E+ E- E+ E-

A+
"///_,",","///j , 11//, _,,.//.//i/7/,//////x/,//

//////////_ /i"///_ "///./////L• "///,9"._.bd"."/
A-

B- _/_/cd_Y/_"/-/Z//'/_"/_//cex_/'/_'/////x.e/-/_///'.'_.Y_/de_/__////..'/d/_////._, "/""///_////1///_/,_"////"1 _

A = CONSOLIDATION METHODS -- SINTER/HIP CYCLE (A-) VS CYCLE (A+)

B = CONSOLIDATION ENVIRONMENT -- WITHOUT POWDER BED (B-) VS WITH POWDER
BED (B+)

C = MIXING -- SIGMA MIXER (C-) VS SIGMA MIXER PLUS EXTRUDER (C+)

D = SINTERING AIDS -- (6O/oY203 + 2°/o AI203) (D-) VS (6O/oY203 + l°/o AI203) (D+)

E = BINDER CONTENT -- 15.5% (E-) VS 14.5% (E+)
SPA 8962-97A
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NASA IMPROVED Si3N4

EXPERIMENTAL MATRIX PROCESS FLOW CHART

MILLING -- SINTERINGAIDS I D-(6% Y203+ 2%AIzO,) 1 I D+ (6% Y=Oz+ 1%AIzOz) I

."°_';_'."o_v,, 1 '+-1 I I 11" I1-'-I

,owo00 o'IDDDI313NDDDDI3DD-1
SPA 8687 98A

TASK II -- MOR BAR MATRIX STUDY

MONTHS 1 THROUGH 7

1ASK II FINS1 IT[KATION

SUBIASA NO. I_8S 1985

auL AUC t _[P 0Cl .O_ O[C JA.
II CHARACT{RIZ[ AS"

R|C[IV[O IqAT[RIALS

Z POVO[I PIIPAIA[10N .... IT---" ....
(SIZING}

] R_-£VALUATI A_I[R

POt_[R PM[P_qATION ..... j

4 |INO[M ADDITt0N

S INJ[CTION flOLDING
AN0 IN-PROC(S_

[VALUArl0N r'------1 _ --_IWR
/6 IINO[R _[_0V4[

• ND [VALUAIlON r

$_NT_NING ANO

8 POST-eNOCtS$

€flAPACT[RI_A[10N ................ I--'-'-
m l

_TATISTICAL AND

_NACTO_NAPNIC

ANALYSIS ....

10 O_V_LOP S_A_I_ICAL

I_PNOVt_LN! PLAN "--_ I "'l

II SUBRI_ 10 _A_A

FOR G0*_H[AO PLAN

F0R _ON_NS

III



TASK II TORQUE CHARACTERIZATION

TORQUE AT 65°C (150°F), m.g

D- (6% Y203 + 2% AI203) D+ (6% Y203 + 1% AI203)

MIXING (' 15.5O/o_ (' 14.5O/o_ /' 15.5O/o_ (' 14.5O/o
VARIATION E- \BINDER) E+ \BINDER) E- \BINDER) E+ \BINDER)

MATRIX I1-1 INJECTION MOLDING BATCHES

C- 1450 1500 1386 1544

C+ (EXTRUDED) 1100 1452 762 1290

MATRIX 11-2INJECTION MOLDING BATCHES

C- 876 1304 948 1175

C+ (EXTRUDED) 439 796 500 748

NOTES

1. VALUESARE FROM SINGLE MIXER RUNS

2. MIXER COOLING RATE WAS 1°C (1.8°F) PER MINUTE

3. m.g = meter.gram

MATRIX I1-1 TORQUE CHARACTERIZATION

EFFECT OF BINDER CONTENT ON RHEOLOGY

PAX J Ri % TQ HAX, _TQ

-%65"C_ 65%

-'"-_'o,_Q-_" r,u_\
HIN L..._.. .... _ "_ !TI HI, , ,

0 ' TI'HE 60 0 TI'HE 60

15.5% BINDER 14.5% BINDER
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MATRIX I1-1 AND 11-2X.RADIOGRAPHIC YIELD

AS-INJECTED BARS

YIELD IN PERCENT

D-' (6% Y203 + 2% AI203) D+ (6% Y203 + 1% AI203)

MIXING f 15.5°/o_ f 14.5°/o_ [ 15.5°/o_ [ 14.5°/o
PROCEDURE E- _BINDER) E+ _BINDER) E- \BINDER) E+ \BINDER)

MATRIX I1-1, STARCK H-1 Si3N4,
200 BARS INJECTED FOR EACH CONDITION

C- 77 77 69 76

C+ (EXTRUDED) 87 92 68 92

MATRIX 11-2,DENKA 9FW Si3N4,
160 BARS INJECTED FOR EACH CONDITION

C- 95 95 95 95

C+ (EXTRUDED) 96 96 98 96

ROOMTEMPERATUREMORAND WEIBULLSLOPE
(MATRIX11-2)

PROCESSING AVERAGE WEIBULL
CONDITION STRENGTH,* SLOPE

ksi
1 82.90 6.97

ab 97.25 13.63
bc 91.96 7. 66
ac 95.58 12.73
be 92.18 10.15
ae 91.56 10.13
bd 76.20 12.84
de 82.84 7.01
ce 85.69 7.94

abce 95.28 13.44
abcd 85.02 11.24
abde 84.84 19.93
bcde 77.73 9.74
acde 78.95 5.32

ad 89.30 12.18
cd 74.40 5.64

"30 SAMPLESTESTEDFOR EACH CONDITION
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MATRIX11-2MOR (DENKA 9FW)

100

"--_ ROOM TEMPERATURE MOR

\

Z 80 - "_

LU

abde acde
40 I I I I I I I I I I I I I I I I

ab acabcebe bc ae ad ce abcd 1 de bcde bd cd
TREATMENT COMBINATION

STATISTICAL ANALYSIS

MATRIX 11-2

, PROCESSING FACTORS HAVING SIGNIFICANT EFFECTS
ON MOR

A, B AND D

• TWO FACTOR INTERACTIONS HAVING SIGNIFICANT
EFFECTS ON MOR

B×C,B×DANDC×D

NOTE: A -- SINTERED/HIP
B -- POWER BED
C -- MIXING
D -- SINTERING AID
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SINTER/HIP CYCLEEFFECT

MATRIX 11-2

SINTERING/HIP SINTERING/HIP
2 HRS 4 HRS

83.2 ksi 89.8 ksi

DIFFERENCE = 6.6 ksi

POWDERBED AND SINTERINGAIDS EFFECTS

MATRIX 11-2

" (B+) PB* (B-) NO PB*

(D+) 6% Y203 + 2°/oAI203 81.0 Ksi 81.6 Ksi

(D-) 6% Y203 + 1% AI203 94.3 Ksi 89.1 Ksi

*PB: POWDER BED
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POWDERBED AND MIXING METHOD EFFECTS

MATRIX 11-2

(B+) PB* (B-) NO PB*

(C+) SIGMA MIXER 87.7 Ksi 83.9 Ksi
AND EXTRUDER

(C-) SIGMA 87.6 Ksi 86.8 Ksi
MIXER

*PB: POWDER BED

SUMMARY

• AVERAGESTRENGTH AND WEIBULL MODULUS OF BASELINE
AS-PROCESSED,RANDOMLYSELECTED INJECTION MOLDED,
SINTERED Si3N4 SAMPLES ARE 547 MPa (79.3ksi) AND 7.9
RESPECTIVELY

• STRENGTHAND AS-PROCESSEDSURFACEQUALITY ARE CLOSELY
RELATED

• TORQUE RHEOMETRYHAS THE POTENTIAL TO PREDICT
INJECTION MOLDING BEHAVIOR

• GOOD QUALITY AS-INJECTED BARS CAN DEGRADE DURING
DEWAX IF THEY ARE PROCESSEDWITH EXCESSBINDER

• FINAL TEST BAR PROPERTIESSTRONGLYDEPEND ON EACH
PROCESSINGSTEP

(CONTINUED)
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SUMMARY

• A MATERIAL WITH A MEAN STRENGTH OF 97
Ksi AND A WEIBULL MODULUS OF 14 HAS
BEEN DEVELOPED BY A STATISTICALLY
DESIGNED MATRIX EXPERIMENT

• STATISTICALANALYSIS CAN IDENTIFY KEY
PROCESSINGPARAMETERSAND PROCESSING
VARIATIONS
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IMPROVEDPROCESSINGOF SI3N4

William A. Sanders
NASA Lewis ResearchCenter
Cleveland,Ohio 44135

and

George Y. Baakllnl
ClevelandState University
Cleveland,Ohio 44115

A slnteredSI3N4-SIO2-Y203composition,NASA 6Y, was developedthat reached
four-polntflexuralaveragestrength/standarddeviationvalues of 857/36, 544/33,
and 462/59 MPa at room temperature,1200 and 1370 °C respectively. These strengths
representedimprovementsof 56, 3B, and 21 percent over baselinepropertiesat the
three test temperatures. At room temperaturethe standarddeviationwas reducedby
more than a factor of three. These accomplishmentswere realizedby the Iteratlve
utilizationof conventionalx-radlographyto characterizestructural(density)
uniformityas affected by systematicchangesin powder processingand slnterlng
parameters. Accompanyingthe improvementin mechanicalpropertieswas a change in
the type of flaw causingfailurefrom a pore to a large columnarB-SI3N4 grain
typically40-80 _m long, 10-30 _m wide, and with an aspect ratio of 5:1.
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IMPROVED PROCESSING OF Si3N4

OBJECTIVE

TOIMPROVETHESTRENGTHAND UNIFORMITYOFSINTEREDSILICON

NITRIDEBYA SYSTEMATICINVESTIGATIONOFPOWDERPROCESSING

AND SINTERINGVARIABLESAS THEYAFFECTRADIOGRAPHICALLY

CHARACTERIZEDDENSITYGRADIENTS,AND CONSEQUENTLYTHE

STRENGTHLEVELAND SCAITEROFSILICONNITRIDE

CHARACTERIZATIONOF SILICON NITRIDE AND OXIDE POWDERS

MATERIAL SOURCE MANUFAC-PURITY, SPECIFICX-RAYDIFFRACTION CHEMICALANALYSIS
TURERS _/o SURFACE ANALYSIS,_/o

DESIGNA- AREA OXYGEN,CARBON, SPECTROGRAPHIC
TION m2" g'l o 13 FREESi wt_/o wt_/o ANALYSIS,

ppm

Si3N4 KBI-AME HIGH 99.5 4.7 83.7 15.7 0.6 0.89 0.18 240AI,60Ca.20Co.50Or,

PURITY 1280Fe.20Mg,30Nln.4OTi,

40V,590Y,30Zn.10Zr

SiO2 APACHE 6846 99.99 166 .... .16 220AI,150Ca,30Cr,50Cu,

CHEMICALS 50Fe,130M9,90Mn,

340Na,40Ti

Y203 MOLYCORP 5600 99.9 7.5 ................ .11 60Cu.6OMg,40R.E.
OXIDES
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POWDERPROCESSINGOFNASA6YSi3N4

MILLsI3N4CHARGE t _ + I

---- SI3N4 ETHANOLSIEVED, I
S(O2 20_m SCREEN j
Y2O)

+
IHPSNMEDIA_ RBSNMILL H ETHANOL I

€ r I

I SLURRY _----I SLURRYSIEVED, II
€ [ 10IJmSCREEN j

_HANOLREMOVAL_ j(HEAT+ VACUUM)

€
I VACUUMOVENDRY I cs-8_°o24o

!
!

CRUSHSOFTAGGLOMERATES I
(HPSNHARDWARE) I

€
I 1,,,_SCREENI

l
I DIEPRESSTESTBARS I

I ISOPRESSTESTBARS I

EVALUATIONOFNASA6YSi3N4

FEEDBACKTO: ISOPRESSED
TESTBARS

I

POWDER "_ X-RADI?RAPHY I
PROCESSING

I s,_ER I
/ TESTBARS I

I
S,NTERING_ X-RAB,OGRAPHYI
PROCEDURES I

I MACHINE ITESTBARS CORRELATIONSOF:I
IX-RADIOGRAPH Y _ DENSITY

I GRADIENTS

FIFXURETESTING _ .
R.T..1200°C.13/0°CI ° STRENGTH

I

FRACTOGRAPHY-SEMV FLAW

METALLOGRAPHY- • CLASSIFICATION
LIGHT,TEM MICROSTRUCTURE

CS-86-0229
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Si3N4 BAR/BNSETTERARRANGEMENTINWSINTERCUP

CS-86-0235

CONVENTIONALRADIOGRAPHYOFNASA6YSi3N4 TESTBARS
e

__] -.,;,_--.,-_,_A.ODE
CATHODE

X-RAYS

FILM/--_ W-,,....
oo,°°°_' /

o"

L-.___I

(W,L)RADIOGRAPHICIMAGE 1cm IT,L)RADIOGRAPHICIMAGE

CS-85-420/
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RADIOGRAPHSOF15-BARSINTER-GROUPSOFNASA6YSi3N4

TOP
LAYER

OFBARS

SINTERHT. ADJUSTED SINTERHT.
NOTADJUSTED 1 cm

CS-B5-4205

CASE-CORESTRUCTURECOMPARISONFORBASELINE

ANDIMPROVEDNASA6YSi3N4

BASELINE ....,_:._._.:.

k--w---t

IAAPROVED ,_:_'V

25l_m25_m 1 mm

CS-85-4197
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TEMMICROSTRUCTURESOFNASA6YSi3N4EFFECTOFGRINDINGTIME

-'.. ..-. .,_,_ )pm /°_ _pm

tg °24hr tg-lO0hr tg-300hr

0.3 - 4.0 IJmEOUIAX 0.2- 3.5 pmEOUIAX 0.2 - 3.0 pmEOUIAX
0.35 - 3.Spm COLUM. WIDTH 0.4- 2.01Jm COLUM. WIDTH 0.25 - 2.0pro COLUM. WIDTH
1:2 TO 1:6 ASPECT RATIO 1:2 TO 1:14 ASPECT RATIO 1.2 TO 1:8 ASPECT RATIO
70 VOL. % COLUM. 40 VOL. % COLUM. 20VOL "/oCOLUM.

CS-85-4209

SINTERING CONDITIONS AND RESULTS FOR Si3N4-SiO2-Y203

COMPOSITION NASA 6Y SINTERED AT 2140 °C

NASA6Y MILLING SINTERINGCONDITIONS SINTERINGRESULTSa
BATCH TIME,
NUMBER hr TIME, PN, BN AVERAGE AVERAGE AVERAGE

hr MPa SETTER WEIGHT WIDTH MACHINED
CONTACT LOSS, SHRINKAGE. DENSITY,

% _ g-cm"3

BASELINE 24 I 2.5 MAX 3.85 15.6 3.12

11 100 MAX 5.14 ' 17.6 3.23

13 100 MIN 4.93 ! 17.6 3.24

12 300 MAX S.74 18.0 3.25

14 300 , MIN 5.42 17.5 3.24

15 24 2 5.0 5.10 17.2 3.22

16 24 4.44 16.8 3.23
17 100 i 4.3g 17.3 3.23

20 100 2.81 17.2 3.22

25 300 4.88 17.8 3.28

28b 100 3.77 17.3 3.21

29b,c 100 3.06 16.1 3.23

31b,c 300 J 3.71 17.3 3.24

21(2050°C) I00 _ 1.65 14.9 3.05

aAVERAGEFOR EACHCOMPOSITIONREPRESENT30BARS EXCEPTFOR BASELINE
WHICH REPRESENTS150BARSAND BATCH28WHICH REPRESENTS15BARS.

bSINTERCUP RAISED3.8 cm. ,:_-:_-,:,:_-

CSi3N4 POWDERWETSIEVEDBEFOREAND AFTERMILLING.
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COMBINEDEFFECTOFMODIFIEDPROCESSlNG/SINTERINGPROCEDURES
ONTHEFLEXURALSTRENGTHOFNASA6YSi3N4
R.T. 1200°C 1370°C

900 --

800-- 31

700-- BATCH
29 NUMBER

600-- 28

31
FLEXURAL500-- BASE 29
STRENGTH. LINE -- 31

MPa 400 --

STANDARDF_j, L"'_IJ J _ 29

DEVIATIONII?_T_I
300-- MPa

I17 74 108 36 : 1531 55 33 43 59
200-- i

i

100-- DENSITY,I I

3.1z3.2113.z;3.2, g/cr,I I
tg, h 24 100 100 300 24 100 300 24 100
ts,h 1 2 2 2 1 2 2 1 2 2

PN,MPa 2.5 5.0 5.0 5.0 2.5 5.0 5.0 2.5 5.0 5.0

BN max. rain. min. min. max. rain. rain. max. rain. rain.

SINTER x/ x/ _/ _ _/ _/ _/HT.ADJ.

POWDER _/ _/ _/ _/ _
WETSIEVE

CS-8_-0232

ASSESSMENT OF FRACTURE ORIGINS FOR NASA 6Y SINTERED Si3N 4

SUB- SURFACESEAM SUB- COLUMNARSURFACEMETALLIC
SURFACE PORE SURFACE GRAIN DEFECT INCLUSION

PORE AGGLOMERATE

R.T. IOTAL 192a 56 44 28 25 17 13 9
FLEXURE FRACTURE
TEST ORIGINS

IDENTIFIED

PERCENT I00 29 23 14 13 9 7 5
OFTOTAL

1200°C TOTAL 90a 23 19 9 7 14 0 18
FLEXURE FRACTURE
TEST ORIGINS

IDENTIFIED

PERCENT I00 26 21 i0 8 15 0 20
OFTOTAL

1370°C IOTAL 127a 30 15 25 3 32 0 22
FLEXURE FRACTURE
TEST ORIGINS

IDENTIFIED

PERCENT I00 24 12 20 2 25 0 17
OFTOTAL

aNUMBEREXCLUDES111,47, AND41BARSFORR.T., 1200°C, AND1370%, RESPECTIVELY.WHEREFLAW
REGIONORFLAWTYPECOULDNOTBEDETERMINED.

CS-36-0_34
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CRITICALFLAWSINR.T.FRACTUREOFNASA6YSi3N4

SURFACEPORE,OF= 620MPa AGGLOMERATE,oF= 470MPa

CS-&5-4199

COLUMNARSi3N4GRAINCRITICALFLAWINR.T.FRACTUREOF

IMPROVEDNASA6YSi3N4

oF: 905MPa

CS-85-4201
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SUMMARY

APPLICATIONOFCONVENTIONALRADIOGRAPHYVERYBENEFICIALINGUIDINGPOWDER

PROCESSINGANDSINTERINGPARAMETERCHANGESFORIMPROVEDSi3N4

INCREASEDt GRIND
+ HIGHERDENSITY IMPROVEDSTRENGTH

INCREASEDtSINTERED
+

MINIMUMBN SETI'ERCONTACT "_ LESSDENSITYGRADIENT LESSSTRENGTHSCATrER
+ "-_ BAR-TO-BARUNIFORMITY LESSCRITICALDOMINANT

SINTERHEIGHTADJUSTMENT FLAW
+

POWDERWETSIEVING
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COLLOIDAL CHARACTERIZATION OF
SILICON NITRIDE AND SILICON CARBIDE*

Donald L. Feke

Case Western Reserve University

Cleveland, Ohio 44106

The colloidal behavior of aqueous ceramic slips strongly affects the

forming and sintering behavior and the ultimate mechanical strength of the final
ceramic product. The colloidal behavior of these materials, which is dominated

by electrical interactions between the particles, is complex due to the strong
interaction of the solids with the processing fluids. A surface titration

methodology, modified to account for this interaction, has been developed and

used to provide fundamental insights into the interracial chemistry of these

systems. Various powder pretreatment strategies were explored to differentiate
between true surface chemistry and artifacts due to exposure history. The

colloidal behavior of both silicon nitride and carbide is dominated by silanol

groups on the powder surfaces. However, the colloid chemistry of silicon

nitride is apparently influenced by an additional amine group. With the proper

powder treatments, silicon nitride and carbide powder can be made to appear
colloidally equivalent. The impact of these results on processing control will
be discussed.

_Work done under NASA Grant NAG3-468.
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WHY?

* SINTERING OF COVALENT SOLIDS

REQUIRES SUBMICRON PARTICLES

(PROCESSING COLLOIDAL DISPERSIONS)

-- CERAMIC POWDERS ACQUIRE
SURFACE CHARGE AND INTERACT

WITH IONS IN PROCESSING FLUID

-- STABILITY AND RHEOLOGY

DOMINATED BY ELECTROSTATIC

EFFECTS

* STRONG CORRELATION BETWEEN

DISPERSION QUALITY AND FINAL
PROPERTIES OF SINTERED CERAMIC

TECHNIQUES- SPECTROSCOPICCHARACTERIZATION
FTIR,ESCA,SIMS,AUGER

- ELECTROPHORETIC CHARACTERIZATION
ZETA POTENTIAL

- TITRATION OF SURFACEGROUPS
SURFACECHARGE

- RHEOLOGICAL CHARACTERISTICS
VISCOMETRY

- STABILITY CHARACTERIZATION
SEDIMENTATION
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RELATIONSHIP BETWEEN SURFACE POTENTIAL

AND SURFACE CHARGE

DEVELOPMENT OF SURFACE CHARGE AND SURFACE POTENTIAL

"\
H_o o o

I L I
--SURFRCE-- --S|_S; _ _ SI _S; -- S; -- S| --

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FREE SURFRCE SILRNOL HYDROGEN - BONDED HYDROPHOBIC SILOXRNE
SURFRCE SILRNOL

RDSORPTION OF POTENTIRL DETERMINING IONS:

......._S;-OH + OH- _- --_S;-O- + H20

_ S;-OH + H_ _ --_S;-DH2 +
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ORIGIH OF SURFRCE POTENTIflL

REVERSIBLE ELECTRODE --

HERHST EQURTIOH RELflTES SURFRCE POTEHTIflL (_)
TO CONCEHTRRTIOH OF POTENTIRL DETERMIHIHG IONS:

i

RMPHOTERIC OXIDE --

ASSUMING H. flHD OH- ARE POTEHTIflL DETERMIHIHG

AND EXHIBIT NERNSITflN BEHflVIOR:

i _e= 59.?(PHme €- pH)

_RIGIN OF SURFRCE SPECIES --

THERMODYNRMICS OF THE DOUBLE LRYER

SITE MODEL OF SOLID/LIQUID INTERFRCE:

._MH + H.MH_

MH _===_M° + H.

EQURTE CHEMICRL POTENTIRLS:

BULK COMPONENTS--

_j= p_+ RTIn,j

SURFRCE SITES--

_ !._ RTIna,j. ZF_
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EXPERIMENTAL APPROACH

-- IDENTIFY PRETREATMENT METHOD TO YIELD
REPRODUCIBLE, PRISTINE SURFACE

-- INVESTIGATE EFFECT OF MANUFACTURING HISTORY,
SUBSTRATE ON ADSORPTION

-- COMPARE SILICON NITRIDE, SILICON CARBIDE
AND SILICA

-- EXPLORE THE ROLE OF ELECTROLYTE

-- COMPARE TITRATION RESULTS WITH RESULTS
FROM OTHER METHODS

POTENTIOMETRIC TITRATION

FOR AMPHOTERIC COLLOID:

o- -F (r-r)
o H. o14-

WHERE F = FARADAY'S CONSTANT

r .r - EQUIVALENTS OF H+ OR OH--
_ BOUND TO SURFACE
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HANDLING AND PRETREATMENT:

* NONE (AS RECEIVED)

* FIRE 500°C IN ARGON

* FIRE 300°C IN OXYGEN

* WASH IN DI WATER, THEN:
-- NO DRY
-- DRY, MILD CONDITIONS
-- DRY RAPIDLY

* WASH IN ACIDIC ELECTROLYTE

* EXPOSE TO MODERATE VACUUM

EFFECT OF PRETREATMENT ON TITRATION RESULTS
i | * i i i i | i i

_ "_._

-
z -1

_: _._
o -2 _ _ECe_o
r-I -,,-- - -- VACUUM

.... VA_.JUI4.ACTDWASH \ %
+--,- \

2 4 6 8 '10 :[2
pH
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EFFECT OF PRETREATMENT ON TITRATION RESULTS
I i i I ! I ! ! i |

Z

03 _.

"' 0 "\p.-

03 \

- \
N
I--

t'r" KEY:
C_ VACUUN.NO WASH
03 _ . _ VACUUN,NO WASH

<:_ VACUUI4. USE CENTFIATE--2 " VACUUM. ACTD HASH

-t- .... AS RECEZVED
"1-

2 4 6 8 10 12

pH

SUMMARY OF RESULTS

* PHYSISORBED SPECIES REMOVED
- BAKE IN DRY ENVIRONMENT
- EXPOSE TO MODERATE VACUUM

* CHEMISORBED SPECIES DESORB RAPIDLY
IN ACIDIC ELECTROLYTE

* SILICON NITRIDE REACTS WITH AQUEOUS
SOLUTION TO RE-FORM ORIGINAL ADSORBED
SPECIES

* WASHING IN ACIDIFIED SOLUTION REMOVES
ALL ADSORBATE, BUT LEAVES SURFACE
UNALTERED FROM "AS RECEIVED" STATE
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COMPARISON OF UBE AND TOYA SODA SILICON NITRIDE
' I ' I i I ' I I

N BE

< i.ooM- _

, I i I i I I I I

2 4 6 8 I0 12

pH

COMPARISON OF SILICON NITRIDE FROM FOUR MANUFACTURERS
I I I I I I I I I i

(c)
0

o ,oX(n

4. KEY:3:
(m) UBESIN In .O0tM KN03

-2 (b) iITE SiN in .OOIX KN03
(€) DENKASIN In .OOJ.XKN03
(d) TOSHIBASIN In .O01N KNO3L

a i " g ,:; ' tb t_,
pH
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HYPOTHESES

, TITRATABLE SURFACE SPECIES IS SILICA

* SPECIES ADSORBED ON SILICON NITRIDE IS AMMON3
- MOST PHYSISORBED, SOME CHEMISORBED
- SIMILAR TO REPORTED ADSORPTION OF AMMONIA

ON SILICA

* AMMONIA IS FORMED BY HYDROLYSIS OF SILICON
NITRIDE:

6 H20 + Si3N4 ---> 3 SiO2 + 4 NH3

COMPARISON OF SILICON NITRIDE AND SILICON CARBIDE
i 0 | I a | ! ! i i

OJ

N

<:_ _ _ SAC. .OIH 10103

4-
"r-

-3
2 4 6 8 _0 _2

pH
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SUMMARY OF SURFACE TITRATION DATA

* SUGGEST PZC < pH 3 FOR BOTH
SILICA AND SILICON CARBIDE

* SUGGEST PZC > pH 6 FOR MOST
SILICON NITRIDES

• * LITTLE DIFFERENCE AMONG VARIOUS
MANUFACTURERS OF SILICON NITRIDE

* LITTLE DIFFERENCE BETWEEN SILICON
NITRIDE AND SILICON CARBIDE Si-OH
SITE DENSITY

* WITH CAREFUL PRETREATMENT, DATA
IS REPRESENTATIVE OF NATIVE SURFACE
AND IS REPRODUCIBLE

"138



NDE OF STRUCTURALCERAMICSBY PHOTOACOUSTICMICROSCOPY

P.K. KhandeIwal
AllisonGas TurbineDivision
GeneralMotors Corporation
P.O. Box 420, Speed Code W-5

Indianapolis,Indiana 46206-0420

Photoacoustlcmicroscopy(PAM) has been utilizedto detect surfaceand subsurface
defects in structuralceramicmaterials. A computerizedPAM data acquisition,color
imagingand analysis system has been developedand used under this program. Sub-
surfacesimulatedcylindricalholes can be detectedto about l mm below the interro-
gating surface. Simulatedtight surfacecracks of 96 _m lengthand 48 _m depth can
be detected in these materialsunder optimumconditions.
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OBJECTIVES

0 DEVELOPCOMPUTERIZEDCAPABILITYTO_IGITALLYACQUIRE/RETRIEVE

ANDIMAGEPAMSIGNALS

o DEVELOPCAPABILITYTODETECT250UMSIZEVOIDS/INCLUSIONS

IMMBELOWINTERROGATINGSURFACE

o DEVELOPCAPABILITYTODETECTSURFACECONNECTEDCRACKS

o DEMONSTRATEABILITYOFNDETOPREDICTFAILURESITEON

MORBARCONTAININGNATURALFLAWS

NDE OF STRUCTURAL CERAMICS BY
PHOTOACOUSTIC MICROSCOPY

._ MECHANICAL

NDE OF _ TESTING II I
NASA TO I I PREPARATION OF GREEN
SUPPLY REFERENCE MOR

REFERENCE H STANDARD BARS FAILURE
MATERIALS SPECIMENS T ANALYSIS

NDE OF FRACTOGRAPHY/START
1 AS-FIRED _,PROGRAM . MOR BARS

NASA TO SPAM T CORRELATION ISUPPLY PARAMETER
200 MOR BARS OPTIMIZATION NDE OF

I

MACHINED

MOR BARS I REPORTING I
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PAMFLAWDETECTION
DATAACQUISITION AND IMAGING SYSTEM

I =WARGONUSER_ _" t
MECHANICAL CHOPPER

_ • MAGFOCUSING LENSES TAPE I GREEN

I VSX-5000
I SPECIMEN STORAGE MONOCHROME

CELL 12 BIT lOMB

' I

I MICROPHONE D

_ n^=, I T 36MB

[ AMPUFER ISIGNA[, _-" A HARDDIsK
! = A PAM , 8 COLOR

AEROTECH _-_! i C PROGRAMS PLOTFER
r-_ OSCANNER PAM DATA

CONTROLLER ,L-D U TEMPORARY
L .... J I STORAGE

X-Y S

RECORDER ! I IO FLOPPY 16 COLORN __ MONITOR

• PAMDATAACQUISITIONAND 4/10/86
ICHART NO.

IMAGING-ANALYSISSYSTEM [PKK

FEATURES

o SCANNER

o PROGRAMMABLEX-YRASTERSCAr!

o 2PM AXISRESOLUTION

o DATAACQUISITION/IMAGING

o MENUDRIVENALGORITIIMS

o ACQUIRESANDSTORESDATA

o 12BITA/DRESOLUTION

o MONOCROMEANDCOLORDISPLAY

o 8 COLORPLOTTER

o EXPERIMENTALSTATISTICS
o MAGNIFICATION/ZOOM
o PAN

o THRESHOLDING
o FLAW/PAMSIGNALSIZING

o HISTOROGRAMOFPAMSIGNALS

,._ j
/
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PAM FLAW DETECTION
BATCH-A AS-FIRED Si3N4

_," HOLE HOLELOCATION
I,.. # FROM TOP SURFACE p.m

TOP VIEW 3x 1 OPEN TO SURFACE2 VERY NEAR TO SURFACE
BUT NOTOPEN

HOLE# 3 1564 390
, = 3 , 5 3 , , 5 547

6 665
_ _ 7 825

SIDE VIEW 3x 8 1015
NOMINAL DIAMETER _ 375_.m
NOMINAL DISTANCE

BETWEEN HOLES = 2.5 mm
APPROXIMATE DEPTH _ 3.125 mm

PAM SUBSURFACE FLAW DETECTION
AS-FIRED SILICON NITRIDE

1 2 3 4

MAGNITUDE
f=4OHz

5

7

I

d
VS86-1813
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PAM DIGITAL IMAGING-
SUBSURFACEFLAWS

BATCH-A AS-FIRED Si3N4

1 2 3 4 6 7
HOLE+ 2 m m

PAM SUBSURFACE FLAW DETECTION
AS FIRED SINTERED SILICON CARBIDE

m

4.0mm SCAN DIRECTION >

__ TYPICAL I mm

p o4.Omm TYPICAL

11 3"7mm --_

I" 19.8mm =

HOLE 1000 750 500 250
DIA. #m
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PHOTOACOUSTI C MICROSCOPY "f?10/86 ' 
SURFACF CRACK D E T E C T I O N  

CHART )KI 

P K K  

*Assuming semicircular f law,  a = c 

N . D .  - Signal-to-noise r a t i o  o f  1  
D i f f i c u l t  t o  separate the  flaw s ignal  from the background 

PHOTOACOUSTIC MICROSCOPY 
SURFACE CRACK DETECTION 

40 Hz 300 Hz 

VS86-1810 



PHOTOACOUSTIC MICROSCOPY
SURFACE CRACK DETECTION

.!_........,,_ 2OX
1 2 3 4 5 6

OPTICAL

40Hz

3OOHz

DIGITAL IMAGE
VS86-1811

i

PHOTOACOUSTIC MICROSCOPY
SURFACE CRACK DETECTION

2C=96_m
a=48pm

HS,N4f=4OHz

50# m/SEC 250 p m/SEC
VS86-1812
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MOLTEN SALT CORROSION OF SIC AND SI3N4

N. S. Jacobson, J. L. Smialek, and D. S. Fox
NASA Lewis Research Center

Cleveland, Ohio

The most severe type of corrosion encountered in heat
engines is corrosion by molten sodium sulfate, which is
formed by the reaction of ingested sodium chloride and
sulfur impurities in the fuel. This problem has been
studied extensively for superalloys, but only recently
examined for ceramics. Our program at Lewis addresses
this problem with laboratory studies to understand the
fundamental reaction mechanisms and with burner studies to
provide a more realistic simulation of the conditions
encountered in a heat engine. In addition we are assessing
the effect of corrosion on the strengths of these materials.
Each of these aspects will be reviewed and some ideas toward
possible solutions will be discussed.
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THE HOT CORROSION PROBLEM

• FORMATIONOFNa2SO4
1

2NaCl+ SO2 + _02 + H20= Na2SO4 + 2HCI

• DEPOSITIONOFMOLTENNa2SO4 ONENGINEPARTS

FUNCTIONOFT, P, [SALT]

• POTENTIALLYCATASTROPHICATrACK

CS-86-1388

TURBINE VANE HOT CORROSION

CS--73740
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BASIC AND ACIDIC MOLTEN SALTS

• Na2SO4=Na20+ SO3=2Na+ +O= + SO3 K=4.6xlO16ATI000°C

LOW PSO3-HIGHaO=-BASIC

HIGHPSO3-LOWaO=-ACIDIC

• Na2CO3=Na20+ CO2=2Na+ + 0=+(302 K=9.7xi0-7AT1000°C

MODELBASICSALT

6S-86- !383

REACTIONS WITH MOLTEN SALTS

• DISSOLUTIONOFPROTECTIVEOXIDE(MO)BYMOLTENSALT

• UNPROTECTEDMETALORCERAMICSUSCEPTIBLETOATrACK

• TYPESOFDISSOLUTION
++

• ACIDIC MO= M + 0=

• BASIC MO+ 0= = MO2

• SiO2 IS ANACIDICOXIDE
• EXPECTREACTIONWITHBASICSALT

• SiO2 + 0-'= SiO_

• SILICATESLIQUIDT 780°C

CS-S&- !384
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EXPERIMENTAL TECHNIQUES

• LABORATORY

• AIRBRUSHSAMPLEWITHSALT;HEAT
• PRECISELYCONTROLPARAMETERS

• MONITORKINETICS,MICROSTRUCTURALCHANGES

• ONETIMEDEPOSITIONOFSALT

• BURNER

• JETFUELSEEDEDWITHNaCl

• CONTINUOUSDEPOSITIONOFSALT;CLOSERTO
ENGINECONDITIONS

• DIFFICULTTOCONTROLPARAMETERS

CS-86-|382

LEWISCORROSIONSTUDIESOFSiCANDSi3N4

LABORATORYSTUDIES
CHEMICALMECHANISMS

J / \
BURNERRIGSTUDIES _ CHARACTERIZEA1TACK| _ PITTINGSTUDIESI

OFSiC

\ /

STRENGTHMEASUREMENTS
FRACTOGRAPHY

CONTROLSTRATEGIES

CS-86-1379
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MATERIALS STUDIED

• SINTERED(]-SIC(B,C)

HP SiC,CVD SiC,SCSiC

O SINTEREDSi3N4 (AI203,Y203)

SINTEREDSi3N4 (Y203),HIP'd RBSi3N4

CS-86-1386

TGA-SlNTERED_-SiC+Na2C03/.lC02-02--1000°C

SPEClFIC
WEIGHT,.0
mglcm"

-.4 _ II

-.8 I I l I I I
.2 0 I0 20 30 40 50

TIME,hr
CS-B_- 1377
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TGA- HIP'DRBSN+ Na2C03/02..1000°(3

o8 _

• 4 m
Ill

 P c,nc

WEIGHT.. 0
mg/cm2

-. 4

I

•.8 I I I t t I
•0 .2 0 I0 20 30 40 50

TIME,hr

CS-86-1378

17oo I I I I I I

1600--
CRISTOBALITE
LIQUID_--"

1500--

LIQUID
1400--

1300--

12oo- \
TEMPERATURE, \ TRIDYMITE

°C \ + LIQUID
1100 --

Fx - 1.33
I x • 3.65-,,

1000.....

F_a20" SiO2
900 -

I QUARTZ+ LIQUID800 -

-Na20"Si02 Na20"12SiO2+QUARTZ
700 - t

I
Na20-2S{O: t

II l [I i_I I
.44 .69 1.03 1.55 2.40 4.12 9.27 0o

x in Na20"x(SiO2)

CS-85-0793
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MECHANISM OF CORROSION BY Na2CO 3

I. DECOMPOSITIONOFSALTANDSILICATEFORMATION

SIC+3230=SiO2+CO

Na2CO3 + SiO2 - Na20• (SiO2)+ CO2

IIo MOVETOWARDLIQUIDUS
3

SiC+ _O2 = SiO2 + CO

Na20. (SiO2) + 2.651Si02)-- Na20. 3.651Si021

III. GROWTHOFPROTECTIVESiO2 LAYER-SLOWINGOFREACTION

GAS

Na20. x(SiO2)

SiO2

SiC
CS-86-1380

Na2CO 3 VERSUS Na 2 SO4102

$

• Na2SO4 = Na20+ SO3/ BASICMOLTENSALT

• SiC- SIMILARBEHAVIOR

• Si3N4 - Na2SO4102 CORROSIONIS SLOWERTHANNa2CO3102

• IMPORTANTSYSTEM- CLOSETOBURNERRIG

CS-86-13BI
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Na2SO4/SO 3 CASE

Na2SO4 + SiO2 : Na2SiO3 + SO3 A G : + 35kcal/mol

• PSO3 > 10-6 atm --NO REACTION

• Na2SO4/10-4SO3-O2 DOESNOTAI-rACK

• OUARTZ

• HOT PRESSED(AI203)SiC
• SINGLECRYSTALSiC

• PREOXIDIZED(1400°C-23h)SINTEREDSiC

• Na2S04110-4SO3-02 DRAMATICALLYATrACKSAS-GROUND
SINTEREDSiC

CS-85-2269

BASIC/ACIDICCHARACTEROFMELT

S03-02
ACIDIC Na2Si03+ S03--Si02+Na2S04

MELT
1

BASIC Na2S04+ C + _ 02 : Na2 CO3 + SO2
/ ,." /" SiC Na2C03+ Si02 : Na2Si03+ C02

EXCESS_ .._"'_'J
CARBON

ESTABLISHESFLUXINGCONDITION

CS-85-2266
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ATTACK OF CERAMIC SUBSTRATE

• HFREMOVESGLASSYPRODUCTLAYERS

(CAUTIONWITHSi3N4)

• ATTACKDOESNOTOCCURBYEVENRECESSION

• SiC- SEVEREPITTINGATI'ACK

Na2CO3 < Na2S04102< Na2S041SO3

• Si3N4- SEVEREGRAINBOUNDARYATrACK

CS-86-1385

CORROSIONPITTING

SINTEREDa-SiC BEFORECORROSION SiC AFTERCORROSION

Na2C031CO2 - 48 hrs - 1000°C
PRODUCTSREMOVEDWITHHF

CS-85-3407
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PII-rlNGATTACKMORPHOLOGYAFTERNa2S04/SO3 CORROSION
SCALEREMOVEDBY HF DISSOLUTION

'9"

• i

lOOpm

UNIFORMPITTINGOBSERVED DETAILOF(a) SHOWINGHONEYCOMB
OVERLARGEAREAS PITSTRUCTURE

CS-85-2307

STRENGTHDEGRADATIONOFs-SiCAFTERFURNACECORROSIONTESTING

0
500 --

g o

g
300 -- 0

FRACTURE

STRESS,o, 0 _ 0 B0
MlSa 200 -- n :

0

0

100 -
0

0 _ -49% -13% -58%

AS-RECEIVED Na2S041S03 Na2C031C02 Na2S041AIR

CS-85-2336
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FRACTUREORIGIN,PITTING,ANDGRAINBOUNDARYATTACKAFTER
Na2S04/SO3CORROSION

SCALEREMOVEDBYHF

of z 188MPa
PITDEPTHoI13pm

CORROSIONPITFRACTUREORIGINAFTERNa2SO4/AIRCORROSION
SCALEREMOVEDBY HF DISSOLUTION;of = 373MPa, PIT DEPTH= 40 pm

RADIALCRACKLINESPOINTING INTERSECTIONOFDEEPLYPITTED
TO CORROSIONPIT REGIONWITHFRACTURESURFACE

GRANULARATTACKMORPHOLOGY
INPIT

CS-85-2306
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LAVA PRESSURE
SAMPLE ACCESS CONTROL
HOLDERS--_ PORTS_ VALVE-_\ \

\ x \

AIRIN -l_/ / / / // i_ZZZ___z_S/ / /I

SALT v-SAMPLES
SOLUTIONAND
ATOMIZING
AIRIN

• PARALLELTONa2SO4102FURNACESTUDY OPERATINGPARAMETERS
-T=990+ IO°C

• CONTINUOUSSOURCEOFNa20 -JETA FUEL-0.05%S
-4ppmNaAS NaCI

--CONTINUOUSNa20.x(SiO2)FORMATION -FLOWVELOCITY-310fflsec
CS-$6-1376

BURNERRIGTESTSOF_-SiCAT1000°C

2 mm

NO SALT 4PpmNa
46 hr 13.5 hr

AIRFLOW---
CS-85-1205
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EXTENSIVEBUBBLEFORMATIONIN BURNERRIGSAMPLES
MECHANICALSCALEREMOVAL

INTACTSCALEREMAINING UNDERSIDEOFSPALLEDSCALE

CS-85-IL'02

o_-SiCPITTINGMORPHOLOGYCAUSEDBYBURNERRIGCORROSION
SCALEREMOVEDBY HFDISSOLUTION

LEADINGEDGE 4- TRAILINGEDGE

CS-_-120/
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EFFECTOFBURNERRIGHOTCORROSIONONROOMTEMPERATUREs-SiCSTRENGTH

503_L--

__ O RA 330METALLINER

A AI_O3 CERAMICLINER
403- o I +_.J.a

-A

M0R 303- O A
FRACTURE _ I T
STRENGTH, _I A IOf, ,--_,_,.s.=&_

MPa 200 _ A

100 --

0 .:
AS-RECEIVED BURNER RIG FURNACE

CORROSION CORROSION
(1000oC113.5hr) (I000oC148hr)

CS-8_- 1324

FRACTUREORIGINOFBURNERRIGCORROSIONSPECIMEN

CORROSIONPRODUCTIN FRACTUREORIGIN

/VIATINGHALVESOFFRACTUREORIGIN

PIITINGREVEALEDBYHFDISSOLUTION

CS-85-1210

160



FRACTUREORIGINOFBURNERRIGCORROSIONSPECIMEN

BUBBLEFORNU_,TIONAT INff.RFACE

CRACK UNES RADIATEFROM CORNER
CORROSIONPIT

PllllNGREVEALEDBYHFI)ISSOLUIION
CS-8F1204

SUMMARY

LABORATORYSTUDIES

• BASICMOLTENSALTS

SiO2 FORMATIONANDDISSOLUTIONTOLIQUIDUS
• ACIDICMOLTENSALTS

NOATTACK,UNLESSBASICCONDITIONSAT MELTBOTTOM

BURNERRIG

• PARALLELTONa2SO4 102- BASICSALTAllACK

• CONTINUOUSNa20. x(SiO2)FORMATION

ATTACKOFCERAMICS

• SiC -- SEVEREPITTING-- UPTO50'7°STRENGTHREDUCTION

• Si3N4- SEVEREGRAINBOUNDARYA1TACK-- WORKIN PROGRESS
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SUMMARY AND CONTROL STRATEGIES

• MOLTENSALTCORROSION

• CANBECATASTROPHIC

• ENGINEERSMUSTBEAWARECERAMICS,LIKE

SUPERALLOYS,ARESUSCEPTIBLE

• CONTROLSTRATEGIES

• WORKOUTSIDESALTDEPOSITIONREGIME

• MAKESALTSACIDIC

• COATINGS;MODIFYSiO2 LAYER

CS-86-1390
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THERMAL CYCLIC DURABILITYTESTING OF CERAMIC
MATERIALS FOR TURBINE ENGINES

L.J. Lindberg

Garrett Turbine Engine Company
Phoenix,Arizona 85010

The thermal cyclic durability of commercial ceramic materials

for turbine engines has been under evaluation since 1978. Ceramic

materials are exposed to cyclic diesel-fired burner exhaust at

either 1204 or 1371C (2200 or 2500F) for up to 3500 hours. The test

conditions are selected to simulate the environment experienced by

the hot flow path components in an automotive gas turbine engine.
The silicon nitride and silicon carbide materials tested are the

same ceramic materials currently used on the AGTI00 and AGTI01

ceramic turbine engine programs.

This work was performed under the NASA funded program, 3500-

Hour Durability Testing of Commercial Ceramic Materials, Contract
DEN3-27.

163



THERMALCYCLICDURABILITYTESTINGOF
CERAMICMATERIALSFORTURBINEENGINES

3500-HOURDURABILITYTESTINGOF
COMMERCIALCERAMICMATERIALS

• OBJECTIVE
• DETERMINELONG-TERMDURABILITYOFCERAMICGASTURBINEENGINEMATERIALS

• APPROACH
• CYCLECERAMICTESTBARSFROMHIGHTEMPERATUREBURNEREXHAUST

TOCOLDAIR
• MONITORCHANGESIN STRENGTH,WEIGHT,ANDBIMENSIONSWITHEXPOSURETIME

ANDCOMPARETO BASELINEPROPERTIES
• TESTINGIS TERMINATEDWHENTHESTRENGTHIS REDUCEDTO 50 PERCENTOFTHE

BASELINESTRENGTH

• BENEFITS
• IDENTIFIESCERAMICMATERIALSCAPABLEOF LONG-TERMUSEIN GAS

TURBINEENGINE
• PROVIDESDIRECTCOMPARISONOFNEWCERAMICSWITHMATERIALSPREVIOUSLY

TESTEDIN THISCONTINUINGPROGRAM
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NASA/GARRETTFACILITYDEVELOPEDFOR
1371C(2500F)CYCLICDURABILITYTESTING

] :TEMPERATURE

' ' ICON!_IiROL_'_

COOLANT'-- 24 TEST ,

c'Yctl 6,
CONTROL

CERAMICTESTBAR AIRCOOLEDCERAMICTEST
G4._.,_ OURABILITYTESTFACILITY BARHOLDER

AVARIETYOFCERAMICSHAVEBEENDURABILITYTESTED

MATERIAL TEMP,C (F) DURABILITY,HOURS
SOHIOSINTEREDALPHASILICONCARBIDE(SASC) 1204(2200] 3500
SOHIOREACTIONSINTEREDSILICONCARBIDE(RSSC) 1204(2200) 3500
ACCRBN101REACTIONBONDEOSILICONNITRIDE(RBSN] 1204(2200) 2100
REPELSILICONIZEDSILICONCARBIDE(SiSC) 1204(2200) 2100
NGKSN-50SINTEREDSILICONNITRIDE(SSN) 1204(2200) <350
GTEAY6SSN 1204[2200) <350
TOSHIBASSN 1204(2200) <350
ACCSSN 1204(2200] <350
NORTONNCX34 HOTPRESSEDSILICONNITRIDE(HPSN) 1204(2200) <100

SOHIOSASC 1371(2500] 3500
ACCRBSN 1371(2500) 2100
REPELSiSC 1371(2500] <350
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SEVERALCERAMICMATERIALSDEMONSTRATE
ACCEPTABLEPERFORMANCEAT1204C(2200F)

-- 70 . 70 __

.60 400 50 _
50 _ 40 300

40 300 _30 200_=
_oj- o,_o_(2_oo_jt_oo _ _o o_oo,_,_,,_,_ =
2.01 , , _ _1 .._ 10 , • 1200C(2200FlFLEXURE I00

350 tO50 2100 3500 0 350 11)50 21'00 35{)0
HOURSOFCYCLICEXPOSUREAT 1204C(2200F) HOURSOFCYCLICEXPOSUREAT1204C(2200F)

SOHIOKX01REACTIONSINTEREDSiC SOHIOSINTEREDALPHASILICONCARBIDE

70 70

60 400 - _ 60 400

50': _ =z -,,: 50i3o0_ = 4oi 3o0
z 40 _ _ . 30 _ 200

30 200 _ =_,
20 = _ ZO

A ROOMTEMPERATUREFLEXURE 100 _ 10 o ROOMTEMPERATUREtOOu_
10 • 1204C(2200F)FLEXURE • 1200C(2200F]FLEXURE

0 , a I0350 1050 21 00
350 10'50 21'000 HOURSOFCYCLICEXPOSUREAT1204(2200F)

HOURSOFCYCLICEXPOSUREAT 1204C(2200F) ACCRBNI01REACTIONBONDEDSILICONNITRIDE
REPELSILICONIZEDSILICONCARBIDE

TESTRESULTSSHOWCERAMICDURABILITY
AT1371C(2500F)

SOI'IIOSINTERED
ALPHASILICONCARBIDE

70

s=
===="60 - 400 =_

.==40 • 300 _.

30 o ROOMTEMPERATUREFLEXURE 200 ===

20 • 1200C[2200F1FLEXURE ..x=,
Io Ioo -':'

0 I I I I
350 1050 2100 3500

HOURSOFCYCLICEXPOSUREAT 1371C(2500F]

7O

-_ 60 o ROOMTEMPERATURE 400 _z"
- 5_==

ACCRBNIO|REACTIONBONnEOSILICONNITRIOE _ 40 300
a:

_ 30

20 I00 _
10

0 350 1050 21000

HOURSOFCYCLICEXPOSUREAT ]371C(2500F)
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NEWMATERIALSARETESTED
ASTHEYBECOMEAVAILABLE

• KYOCERASC201SINTEREBSILICONCARBIDE(SSC)--
DURABILITYTESTINGIN PROGRESS

• SOHIOSASC(INJECTIONMOLDED,AS-FIREDSURFACES)--
DURABILITYTESTINGIN PROGRESS

• GE/3SSC-- BASELINETESTINGCOMPLETE

• CORNINGLAS-- BASELINETESTINGCOMPLETE

• NGKSN-82SSN-- BASELINETESTINGCOMPLETE

• ACCCODE2 SSN-- TOBEPROCURED

• KYOCERASN250MOR270MSSN-- TOBEPROCURED

BASELINESTRENGTHOFKYOCERASINTERED
SILICONCARBIDEHASBEENDETERMINED

MATERIAL:KYOCERASC201

CONDITION:AS-FIREDTESTBARS

ROOMTEMPERATURE1204C(2200F) 1371C(2500F)

MEANSTRENGTH,KSI 61.9 66.2 71.3
(12 DATAPOINTS)

STANDARDDEVIATION, il .4 8.2 8.8
KSI

CYCLICEXPOSURETESTINGIS BEINGCONDUCTEDAT 1371C[2500F)
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KYOCERASC201HASUNDERGONE1050HOURSOF
CYCLICEXPOSURETO1371C(2500F)
80"

FLEXURALTEST
60 r"""_" TEMPERATURE

,,-r-_- • RT

"_ 40 • 1371C(2500F1
I---

"" 20
_,J
U,.

t

| i w

0 350 1050 2100 3500
EXPOSURETIME,HOURS

BASELINESTRENGTHOFSOHIOINJECTIONMOLDED
SINTEREDSiCHASBEENDETERMINED

MATERIAL:SOHIOSASC

CONDITION:AS-FIREDTESTBARS

ROOMTEMPERATURE 1204C(2200F)

MEANSTRENGTH,KSI 63.5 60.7
(12 DATAPOINTS)

STANDARDDEVIATION,KSI 9.2 7.6

CYCLICEXPOSURETESTINGIS BEINGCONDUCTEDAT 1371C(2500F)
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SOHIOINJECTIONMOLDEDSASCHASUNDERGONE
350HOURSOFCYCLICEXPOSURETO1371C(2500F)

60 ''_--,, FLEXURALTEST
t. TEMPERATURE

_. = • ROOMTEMPERATURE

"_ 40 • 1371C(2500F)I-.-

z

I---

"' 20
X
W
..,J

| | | |

0 350 1050 2100 3500

EXPOSURETIME,HOURS

BASELINESTRENGTHOFGE/3 SILICONCARBIDE
HASBEENDETERMINED

MATERIAL:GEp SiC

CONDITION:AS-FIREDTESTBARS

ROOMTEMPERATURE 1371C(2500F)

MEANSTRENGTH,KSI 61.4 61.2
(12 DATAPOINTS)

STANDARDDEVIATION,KSI 4.6 8.9

CYCLICEXPOSURETESTINGTOBECONDUCTEDAT 1371C(2500F)
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BASELINESTRENGTHOFNGKSINTEREDSILICON
NITRIDEHASBEENDETERMINED

MATERIAL:NGKSN-82

CONDITION:AS-FIREDTESTBARS

ROOM 982C 1204C
TEMPERATURE(1800F) (2200F)

MEANSTRENGTH,KSI 120.4 103.9 97.3
(12 DATAPOINTS)

STANDARDDEVIATION,KSI 14.0 9.2 5.5

CYCLICEXPOSURETESTINGTOBECONDUCTEDAT 1204C(2200F)

RESULTS

• SOHIOSASC(ISOPRESSED,MACI'IINE]]SURFACESJEXPERIENCESNO
NOSTRENGTHDEGRADATIONAFTER3500HOURSOFCYCLICEXPOSURE
AT1371C(2500F)

• SOHIORSSCEXPERIENCESNOSTRENGTHDEGRADATIONAFTER3500HOURS
OFCYCLICEXPOSUREAT1204C(2200F)

• ACCRBSNEXPERIENCESA 20-PERCENTSTRENGTHREDUCTIONAT 1204C(2200F)
AFTER2100HOURSOFEXPOSUREANDA 20-PERCENTSTRENGTHREDUCTION
AFTER350HOURSAT 1371C(2500F)

• ALLSSNMATERIALSTESTEDTODATE(NGKSN-50,ACCCODE2, GTEAY6,
TOSHIBASSN]EITHEREXHIBITEDLOWBASELINEFLEXURESTRENGTHS
AND/ORSHOWED>50-PERCENTSTRENGTHDEGRADATIONDURINGTHE
FIRST350HOURSOFCYCLICEXPOSUREAT1204C(2200F)
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BASELINEFLEXURESTRENGTHANDCYCLIC
DURABILITYTESTINGIS SCHEDULEDFOR1986-1987

• CYCLICEXPOSURETESTINGIS CURRENTLYBEINGCONDUCTED
ONINJECTIONMOLDEDSOHIOSASCWITHAS-FIREDSURFACES
ANDKYOCERASSCWITHAS-FIREDSURFACESAT 1371C(2500F)

• CYCLICEXPOSURETESTINGOFGE,BSSC,CORNINGLAS,
NGKSN-82SSNANDACCCODE2 SSNWILLDECONDUCTED
DURING1986-1987

• KYOCERASN-250MOR270MWILLBEPROCUREDFORBASELINE
ANDEXPOSURETESTINGDURING1986-1987
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FRACTOGRAPHIC AND MICROSTRUCTURAL EVALUATION OF 3500-HOUR

DURABILITY SPECIMENS

A. D. Miller
Materials Science and Engineering

University of Washington
Seattle, Washington 98195

NASA Lewis Research Center has since 1978 contracted with
Garrett Turbine Engine Company to conduct long-term durability

testing of candidate ceramic materials for advanced gas turbine
applications. Specimens of the materials are exposed to combus-
tion atmospheres under temperature cyclic conditions for times
up to 3500 hours and at peak temperatures of 1200 and 1370 C.
The specimen strengths after exposure are measured at room
temperature and at 1200 C. In addition, a number of physical
measurements are taken, however no provision is made in the
contract for microstructural examination of the specimens.

The work under this project covers examination of three
materialst (I) sintered alpha silicon carbide manufactured by
Carborundum Co., (2) sintered silicon nitride, manufactured by
Toshiba, and (3) reaction bonded silicon nitride, grade RBN:104,
manufactured by Airesearch Casting Company. The work required
the development of sample preparation techniques to provide high
quality thin-section specimens which can be examined by trans-
mitted light or thinned using an ion mill for subsequent TEM
examination.

Specimen preparation techniques and the results of optical
and electron microscopic examination of the reaction interfaces
of the selected specimens are presented and discussed.
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Figure I. - Baseline SASC; crossed Nichols. 95X

Figure 2. - Baseline SASC; crossed Nichols. 240X.
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Figure 3. - Same field as fig.2; crossed Nichols, rotated 45°. 240X.

Figure 4. - SASC; 2100-hr exposure at 1370 °C; crossed Nichols. 95X.
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Figure 5. - Same field as fig. 4. 240X.

Figure 6. - SASC; 3500-hr exposure at 1370 °C; crossed Nichols. 240X.
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Figure 7. - Baseline Toshiba SSN; crossed Nichols. g5X.

Figure 8. - ToshibaSSN; 350-hr exposureat 1205 °C; crossedNichols. 95X.
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Figure 9. - Same specimen as fig. 8; field near interface; crossed Nichols. 240X

Figure lO. - Same specimenas fig 8; field far from interface;crossedNichols. 240X.
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Figure II. - Toshiba SSN; 700-hr exposure; crossed Nichols. 95X.
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CERAMICMATRIXCOMPOSITES

James A. DiCarlo
NASALewis Research Center

Cleveland, Ohio 44135

An overview is presented covering NASALewis research efforts aimed at
materials and processing development for structually reliable fiber-reinforced
ceramic matrix composites (FRC). With the primary goal of developing
technology for strong, tough Si-based FRCwith use-temperatures above 1400°C,
guidelines for optimum material properties and current problems in achieving
these properties are discussed. Brief descriotions of particular research
projects directed toward solving these problems are presented. Particular
emphasis is placed on those efforts addressing the critical need of developing
high performance SiC fibers with stability above 1400°C and with proper
coatings for optimum composite structural performance. Based on current
results for fiber and matrix development, concludinq remarks are made
concerning future directions for NASALewis FRC studies.
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CERAMIC MATRIX COMPOSITES

BY

J. DiCARLO
DEPUTYCHIEF,CERAMICSBRANCH

OBJECTIVE:TECHNOLOGYDEVELOPMENTFORFABRICATIONOFSTRONG,
TOUGH,ANDRELIABLECERAMICCOMPOSITESFORAERO-

SPACESTRUCTURALAPPLICATIONSTO1400°CANDABOVE

PRIMARY
APPROACH:FIBERREINFORCEDCERAMICS(FRC)-REINFORCEMENTOF

Si-BASEDCERAMICMATRICESWITHCONTINUOUSHIGH

PERFORMANCECERAMICFIBERS

FRCDEFORMATIONANDFRACTURE

FIBERBRIDGINGOFMATRIXCRACKS

J
oU

oISTRESS

Ec
Om

E:m El CU

CS-84-2357
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STRUCTURALADVANTAGESOF FIBER.

REINFORCEDCERAMICS

• IMPROVEDSTIFFNESS

• MATRIXFRACTURESTRENGTH

• MATRIXFRACTURESTRAIN

• FRACTURETOUGHNESS

• THERMALSHOCK

'_ METAL-LIKESTRESS-STRAINBEHAVIOR

ULTIMATEFAILUREINDEPENDENTOFMATRIXFRACTURE

x,NONCATASTROPHICMATERIALFAILURE

'_AVAILABLEONLYFORHIGHASPECTRATIOREINFORCEMENT

FRC - KEY TECHNICAL ISSUES

I. FABRICATIONAPPROACHFORHIGHFRCSTRENGTH
• PREPARATIONOFOPTIMUMMATRIXPRECURSORS

• UNIFORMPRECURSORINFILTRATIONINTOFIBERARRAY

• MATRIXCONSOLIDATIONANDDENSIFICATIONWITHOUT

• FIBERSTRENGTHDEGRADATION

• LARGESHRINKAGECRACKSOR POROSITY

• NONUNIFORMFIBERDISTRIBUTION

II. AVAILABILITYOFHIGHPERFORMANCECERAMICFIBERS
• HIGHSTRENGTHANDSTIFFNESS

• THERMALSTABILITYABOVE1200OC

• SMALLDIAMETER

III. FIBERCOATINGS
• FIBERSTRENGTHRETENTIONUNDERFRCPROCESSINGANDUSE

• OPTIMUMFORCOMPOSITETOUGHNESSANDOFF-AXISSTRENGTH
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FRC - CURRENT NASA LEWISPROGRAMS

I. COMPOSITEFABRICATION

PROCESSING PRIMARY KEY
APPROACH SYSTEM ISSUES

• REACTION-BONDEDSi3N4 WITH SiC/RBSN - STRENGTHANDTOUGHNESS
CVDSiCFIBERS GREATERTHANRBSN

- THERMALSTABILITYTO

1400°C

• CARBONMATRICESREACTION SiC/RBSC - MATRIXMORPHOLOGYAND

BONDEDWITHSILICON SILICONIZATION

- FIBERDEGRADATION

• POLYMER-DERIVEDPRECURSORS - HIGHCHARYIELD

TOSiCANDSi3N4 MATRICES - INFILTRATIONRHEOLOGY

WITHCERAMICFILLERS

FRC - CURRENTNASA LEWIS PROGRAMS

II. HIGHPERFORMANCESICFIBERS

• HIGHTEMPERATUREPROPERTIES - FIBERPROCESSINGAPPROACHBEST

OFCOMMERCIALSiCFIBERS SUITEDFORHIGHTEMPERATUREFRC

• POSTPROCESSINGOFNiCALON - POTENTIALOFHIPPINGFORIMPROVING

FIBERSATHIGHPRESSURE NiCALONTHERMALSTABILITY

III.FIBERCOATINGS

• OXYGEN EFFECTSON COMMERCIAL - COATINGDESIGNFOROXIDATION

COATINGSFORCVD SICFIBERS RESISTANCE

• FIBER-MATRIXLOADTRANSFERIN - COATINGDESIGNFORCOMPOSITE

SiCIRBSNCOMPOSITES TOUGHNESSAND STRENGTH
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PROPERTYCOMPARISON - COMMERCIALSiC FIBERS

TYPE: NiCALON SCS
(NIPPONCO.) (AVCO)

PRODUCTION POLYMERSPUN, CVDONTOCARBON
METHOD: CURED,PYROLYZED FILAMENT(1300°C)

FORM: MULTIFILAMENTYARN MONOFILAMENT

(500PERTOW)

DIAMETER,pm: 10TO20 142

MODULUS,GPa: 180 390

STRENGTH,GPa:
20°C: 2.0 >3.5

1400°C: <1.0 >2.5

CVDSiCFIBERSPROVIDECREEPRESISTANCETORBSNMATRICES

10--

5- ,2
/

REACTIONBoNDED /_ "NiCALON"
2 SILICON / SiC

NITRIDE FIBER
RBSN .J

CREEP 12.14glee)--,.?SIRAIN. / /

AFTER20hr

.5

R

.Z RBS /"--%

.i , l i II, l,l l l , I, I , ill
20 50 100 200 500 1000

STRESS,FAPa
CS-84-0418
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ADVANTAGESOF FIBER COATINGSFOR CERAMICMATRIX COMPOSITES

PHYSICAL-CHEMICAL:

• CANSERVEAS A DIFFUSIONBARRIERINHIBITINGINTERDIFFUSION

ANDREACTIONSWITHMATRIXANDAGGRESSIVEGASES,SUCH
AS, OXYGEN

• MINIMIZEDEGRADATIONOFFIBERSTRENGTHANDFIBER-MATRIX
INTERFACIALBONDING

STRUCTURAL:

• REDUCEMECHANICALDEGRADATIONDURINGHANDLINGAND

COMPOSITEPROCESSING

• REDUCEINTERNALDEGRADATIONBYTRAPPINGEVOLVINGGASES

• HEALFIBERSURFACEFLAWSANDINCREASEFIBERSTRENGTH

• PROVIDEWEAKFIBER-MATRIXBONDINGFORCRACKDEFLECTION
ANDTOUGHCOMPOSITES

CS-85-0274

CVDSiCFIBERCROSSSECTIONANDCOATINGS

SHEATH / _ _ \

(142pm DIAM.)--/Z ,/__ I_--_GRAPHITE'COATEDcARBONCORE(~37pm DIAM.)
TRANSITION \ ', ._ i I
IN GRAIN ' /% A / /

S+RUC+URE. CB J" /
t-80pm DIAM.) d /_/

/

/--CARBON-RICHCOATING

/ \
(a) AVCO SiC (b) AVCO SCS-6

50I_ 50

%si %si 13-sic

I
~ Ipm ~ 2pm

CS-84-0419

186



STRENGTHRETENTIONOFSiCFIBERS
ARGONORNITROGEN,1.5rain(10-4ATMOXYGEN)

5--

AVERAGEROOM
TEMPERATURE3 m

m 400 AVERAGEROOMTENSILESTRENGTH
IGL= .50mm), TEMPERATURE

GPa 2 _ TENSILESTRENGTH
IGL: 50mm),NiCALON \

-- 200 ksi
1- \

\
_Vi I I I I I o

0 800 1000 1200 1400 1600 1800

TREATMENTTEMPERATURE,°C
CS-84-2355

CERAMIC COMPOSITES - FUTUREDIRECTIONS

I. FRCFABRICATION
• SiC/RBSNOPTIMIZATION

• CVD-CVIPROCESSING

• COMBINEDPROCESSINGAPPROACHES
• TOUGHENINGADDITIONSTOMATRIX

• MULTITYPEFIBERSANDFIBERWEAVES

• HYBRIDMATRICES

II. HIGHPERFORMANCECERAMICFIBERS
• MULTIFILAMENTTOWOFSMALLDIAMETERCVDSICFIBERS

• SINGLECRYSTALSiCANDOXIDEFIBERS

• NEWINNOVATIVEPROCESSING

II1. FIBERCOATINGS

• STABLEANDOPTIMIZEDCVDSIC-CCOATINGS

• OTHERCERAMICCOATINGSBYCVD, SOL-GEL,ETC
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Polymer Precursors for SiC Ceramic Materials

by

Morton H. Litt

Department of Macromolecular Science
Case Western Reserve University

Cleveland, Ohio 44106

We have worked on precursor polymers to SiC, concentrating on

polymers made from decamethyl cyclohexasilyene units. Our initial
approach was to synthesize mixed diphenyl decamethyl cyclohexasilane,
dephenylate and polymerize. This produced polymers which had yields
of up to 50% SiC. [Theoretical yield is 75%.] Our present approach

is to make polymer through the intermediate trans-l,4-diphenyl
decamethyl cyclohexasilane. This should produce a crystalline polymer
and high strength fibers. These will be thermally decomposed to SiC
fibers. This requires new chemistry which we are studying now.
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[ "'

Na _ sealed tube
(CH3)2SIC12 ; - t-

Xylene A

CH 3 x

PhMeSiCl 2 + 2Me2SiCl 2 Na-KTHF) Mel2-xPhxSi6 + MCI

(x = 0-6) (M = Na,K)
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TABLE I. PERCENT YIELD OF VARIOUS ISOLATED DERIVATIVES

Mel2-xPhxSi6 Yield

x wt (%) mol (%) mol (%)(theoretical)

0 8 Ii 8.8

1 24 27 26.3

2 32 32 32.9

3 21.9

4 i 8.236 30
5 1.6

6 0.I

'.330 j .198 12,3,5,6ax)12,3'5,6eql I

•545

,_lid

.134

!
I

I I

.193

.594

i I l I I I I I

0.3 n. 3 o.o

FIG 1. NMR OF DIPHENYLDECAMETHYLCYCLOHEXASILANE
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TABLE 2. IH-, 13C-, AND 29Si- NMR CHEMICAL SHIFTS FOR PURE
1,4-DIPHENYLDECAMETHYLCYCLOHEXASILANE

IH(No.of Methyl Groups) 13C(No.of Carbon) 29Si(No. of Silicon)

(_ ppm)a (_ ppm)b (_ ppm)c

0.530 (2) -4.32 (4) -41.08 (4)

0.330 (4) -6.49 (2) -41.40 (2)

0.198 (4) -6.71 (4)

134.68 (o,4)

127.86 (p,2)

127.71 (m,4)

146.98 (i,2)

a- CH2C12(_ 5.35) was used as an internal reference.

b-CDCI3(6 77.0) was used as an internal reference.

c-TMS(6 0.0) was used as an internal reference.

13 /}NH4Cl/H2S04 Na
-- Ph Benzene ' Cl

Ph Cl n
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FIG 3. GPCOFPOLYMER27

_i i , I I I I I ,
2Z5 15,B 7,0 33' 1.8 .9 .45

M.Wt. (PS)X10-3

' ' '2'o' ' ' '2's' ' ' '3'0' ' ' '3Is
Elution Volume, rrd
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TABLE 1 ELEMENTAL ANALYSIS OF POLYMER25 AND POLYMER27

Polymer Analytical % C % H % Si % O

Polymer25 Calcd.: 37.74 9.43 52.83 0

Found: 33.52 8.69 48.22 9.57 (by difference)

Repeat Found: 34.40 8.51 None or Trace

Polymer27 Calcd.: 37.74 9.43 52.83 0

Found: 38.10 9.65 48.70 3.55 (by difference)

Repeat Found: 40.14 9.23 .... 0.16

FIG6. IR OF POLYMER25
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FIG 7. IR OF POLYMER27

TABLE 2 THERMOGRAVIMETRIC ANALYSIS OF POLYMER25 CURED AT VARIOUS T_PERATURES

Temperature/Time Char Yield % Heating Rate

Polymer25 27.39 1.5°C/mln

124° _ 4°C/4 hrs (a) 18.75 I0° C/min

200 ° + I°C/5 min 20.85 I0° C/min

250 ° _ 5°C/15 min (a) 20.80 I0° C/mln

(b) 48.27 I0° C/mln

200 ° + I°C/5 hrs (c) 51.52 i0° C/minm

17.74 I0° C/mln

36.47 I0= C/min

25.71 15° C/min

19.64 1.5°C/mln

(a) Hexane solublefraction (59.8%of totalpolymer).

(b) Gel (12.67%of the total polymer.

(c) A piece of polymerwas used, rather than groundpowder.
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POLYHER25_200/5 hrs tiT, 7. 7434 m9 RATE, 10. 00 deq/mln

100 -_'--'_-_ '

'
I01.16_1€

FRONI 66. 22
T0, 579.?I 8%

FROM=60. 22
TO= 372. 54

I-- kiT X CHANGEe2D. 17 \
"T

\_ 6o
_' 51.52%

2050 150 250 350 450 550 650 750 850 950
KL/.4f/fR FfLE/ POL2LT. I'G TEHPERATURE (C) TG

DATE, 84/10/03 TIHE= |0= 45 I PERKIN ELIVIER IThe'malAnalys'sl

FIG 8.TGA

New Work

Trans-l,4-dlphenyl decamethyl cyclohexasllane

mp = 169.5-170°C, yield = 0.2_

NH4CZlH2SO4 _
Ph Benzene l C1 Na

• _oluene
Ph C1 n

Poly(trans 1,41-decamethyl cyclohexasllane)

1. Crystallizable polymer.

2. Should be splnnable from solvent In nematlc form.

3. Strong, stable fiber

4. Could retain strength to some degree during
pyrolysis to SiC.

5. Higher yield and easier processing than present
materials.

196



Na/K CH3 CH3

THF CH3[_I CH3n

TI = p-Tolyl n _ 0 _ ?

Theory - highest yield = 27_ of n=l

Best yield so far = 20_, n=0,I,2,3,4 isolated

c.3 c.3 c.s c.3so3, c.3 c._ cH3
TlSt - St - SI - T1 ' CH3SO3St - St - SiOsSCH 3

I I I c.2c1= / I c.3
CH3 _ CH3 CB3

Toluene
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POLYMERPRECURSORSFORCERAMICCOMPOSITES

Frances I. Hurwitz
NASALewis Research Center

Cleveland, Ohio 44135

The fiber composite approach to reinforced ceramics provides the possibility
of achieving ceramics with high fracture toughness relative to monolithics.
Fabrication of ceramic composites, however, demands low processing
temperatures to avoid fiber degradation. Formation of complex shapes further
requires small diameter fibers as well as techniques for infiltrating the
matrix between fibers.

Polymers offer low temperature processability, control of rheology not
available with ceramic powders, and could serve as precursors to fibers of
matrix. In recent years, a number of polysilanes and polysilezanes have been
investigated as potential precursors. A review of candidate polymers will be
presented, including recent studies of silsesquioxanes underway at LeRc.
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NEEDS

• SMALLDIAMETERCERAMICFIBER

• HIGHTEMPERATURE,ENVIRONMENTALLYRESISTANT_'IATRIX

PROBLEMS

• LOWCHARYIELD

• HIGHSHRINKAGES-VOIDS

• NEEDFORREPEATEDIMPREGNATION

• DEVIATIONFROMSTOICHIOMETRY- CHEMICAL
INSTABILITYATHIGHTEMPERATURES

hotpress=HIGHTEMPERATUREPOLYMER+ CERAMIC + CONTINUOUS vPARTICULATE FILAMENT COMPOSITE
pyrolyze
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MONOMERS

HC_C-K_ CH 2-K_--C-=CH HC-C _-CHLr.-CH 2-_ C=CH

DEDPM DEDPE

diethynyldiphenylmethane diethynyldiphenylethane

C=CH
C-CH

CH

HC-_C C=-'CH

TETPB TETPM

triethynyltriphenylbenzene triethynyltriphenylmethane
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Si CONTAINING POLYMERS

(CH3)xSiy METHYLPOLYSILANE

((CH3)2SiCH2SiHCH3)x POLYCARBOSILANE

(C6H6CH3Si)x((CH3)2Si)y POLYSILASTYRENE

(CH3Si)x(CH2CHSiCH3)y VlNYLSILANE

(CH3HSiN)x POLYMETHYLSILAZANE

(CH3Si)x(NCH3)y(NHCH3)z POLYCARBOSILAZANE

__si/Si--Si __)
/S i POLY(CYCLOHEXAMEI"HYLSILANE)\ Si--Si

×

SILSESQUIOXANES

RSiO
1.5

R -- methyl, propyl, vinyl, phenyl

T Resin Ladder Polymer
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SiC FIBER ANALYSIS

Martha H. Jaskowiak
NASALewis Research Center

Cleveland, Ohio 44135

Polymer derived Nicalon SiC fibers are known to be thermally unstable at
temperatures beyond 1200°C. In an effort to further understand the mechanisms
of fiber degradation, Nicalon fibers were heat treated at temperatures up to
2200_C and argon gas pressures varying from 0 to 1360 atm. The effects of qas
pressure on the thermal stability of the fibers were determined through
property comparisons between the pressure-treated fibers and vacuum-treated
fibers. Investigation of the thermal stability included studies of the fiber
microstructure and mechanical and physical properties before and after
treatments.
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NicalonFiberThermalStability

Problem:

• Polymerderived NicalonSiC fibers degrade significantly
in tensilestrengthabove 1200 C in inert environments

ProbableMechanisms:

• Creation of increasedinternalporosityand flaw growth

causedby reactionsbetween SiC, Si02, C, and Si3N4
in the as-produced fiber

• Graingrowthof microcrystallineSiC

Objectives

• To determinethe effects of heat treatment in highpressure
argon on the tensilestrengthand physicalpropertiesof
commerciallyavailableNicalonSiC fibers

• To determine whether Hot Isostatic Pressingcan offer a viable
approachto improvingthe thermal stabilityof Nicalonfibers
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Experimental Parameters

Si C O N

Nicalon Fibers: Ceramic Grade,,,40 50 8 2 at%
StandardGrade,,-S7 46 15 2 at%

Treatment Conditions: Pressure: 10 , 1, 1360 atm Argon
Temperature: 1000 - 2200 C
Time: 1 hour

Properties: Weight Loss
TensileStrength
GrainSize
Microstructure
CrystallinePhases
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Pressure and Temperature Effects onthe
Grain Growth of Treated Nicalon Fibers

1200 I I I IV I I #
II

--,--CG II
-- •-- SG --1.360 arm I I
---o--CG I I

SG --1 at m I I
8oo - -.o.-CG _lo-Satm I I -

-.u.-SG I I
Grain I I

/ j;'Size I/
(A) • tl
400 -

..... ._J"Z _.__j 'J'_'_

o_,---_ _: ._--_ I I II000 1200 1400 1600 1800 2000 2200
Temperature (°C)
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FractureSurfacesof As-ReceivedNicalonFibers

Standard
Grade

250 ksi

Ceramic
Grade

2:31 ksi

Ceramic Grade Nicalon Heated to IO00°C

_, 5P

1360 otm 1 atm 10-8 otm
0.6 % wt loss 0.8 % wt loss 0.8 % wt loss
240 ksi 235 ksi 154 ksi
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CeramicGradeNicalonHeatedto 1400°C

1360 atm Iatm 10 ..8 atm
1.0 % wt loss 22% wt loss 27 % wt loss
208 ksi 85 ksi -- ksi

Ceramic Grade Nicalon Fibers Heated to 1600 °C

1360 atm
0.8 % wt loss
90 ksi

1 otm
28 % wt loss
-- ksi
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Nicalon Fibers Heated to 2200°C

Standard
Grade
1360 atm
25 % wt loss
-- ksi

Ceramic
Grade
1360 arm
28 % wt loss
-- ksi

Correlation Between Weight Loss and
Grain Growth of Heat Treated Nicalon Fibers

1200 ' I ' I '

:CG 1360atm ' [] g

e CG _ arm[] SG--"

800- o CG -e
DSG--IO atm

Grain j

Size /

CA) •

400 - .y

• 0

% Weight Loss
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Effect of Weight Loss on the Tensile
Strength of Heat Treated Nicalon Fibers

l ,ii. , i ,• CG_1360 atm• SGI
[] e CG

, \-_1 _ []sG--latm

200-- nil _ [] OCGG_lo-eat m --
I Q '

Tensile I \

Strength - _ \

Weight Loss due to
Sizing Removal

a , I I , I ,
D 1 2 5

% Weight Loss

Results of Additional Heat Treatment Tests
on HighPressureTreated NicalonFibers

Heat Treatment % Weight Loss Tensile Strength
Conditions (ksi)

CG / SG CG / SG

1200 C-1 hr 0.8/0.7 236/ 271
1360 atm Ar

1200 C -1 hr 28 /24
1360 atm Ar

1400 C - 1 hr
1 atm Ar

1600 C- 1 hr 0.8/2.0 90 / 78
1360 atm. Ar

1600 C - lhr 23 / 26 .....
1360 atm Ar

1400 C--1 hr
1 atm Ar
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PressureEffects on NicalonThermalStability

Summary:

• Highpressuretreatmentsin Argonsuppressfiber weightloss to
temperaturesabove 1500 C

• Strengthdegradationandgraingrowthcan be correlatedwithweight
lossand thusare alsoinhibitedby highpressuretreatments

• Strengthdegradationoccursrapidlywithinthe first 1%weightloss
(beyondthe sizingremoval)whereasgraingrowthdoes notproceed
as rapidlyuntil'_20% weightis reached

• Fibersretreatedat 1400 C in 1 atm Ar after highpressure
treatment showno improvementinstrengthoveras received .
fiberstreated at 1400 C

Pressure Effects on Nicalon ThermalStability
Conclusions:

• Increasedexternal pressurecreates a diffusionbarrierwhichinhibitsCO
gas evolutionfrominternalSiO2 - Carbonreactions thussuppressing
fiber weight loss

• Suppressionof CO gas evolutionmay also delay exaggerated grain
growth due to the tendency of excess carbonin SiC to act as a grain
growth inhibitor

• Initialand majorstrengthdegradationmechanismis mostlikelydue to
the rapidgrowthof pre-existingflaws near the surface

• In general,,highpressuretreatmentof commercialNicalonfibersoffers
noimprovementinthermalstabilityunlesspressurecan be maintained
throughoutcompositefabricationandfiber use

• Becauseof initialporosityand/or creep resistanceinthe as-produced
Nicalonfibers Hot IsostaticPressingdoes notappear to be an effective
.post-fabricationmethodfor improvingfiberthermal stability
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Fiber Development - Future Directions

Based.on potential SiC Properties:

High modulus (:'400 GPa )
High strength (:,4 GPa )
Creep resistance
Environmental resistance
Low density
High thermal conductivity
Property retention to above 1400 C

Efforts will continue to develop processing approaches for producing
Continuous
Small diameter
High performance
Multifilament tows of SiC fibers

Current results indicate CVD Processing as the optimum approach

for the base fibers and for required fiber coatings
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SiC FIBER REINFORCEDREACTION-BONDEDSi3N4 COF_OSITES

RamakrishnaT. Bhatt
NASA Lewis ResearchCenter

Cleveland,Ohio 44135

A techniquefor fabricatingstrong and tough SiC fiber reinforcedreaction
bonded si3N4 matrix composites(SiCIRBSN)has been developed. Usinq this
technique,compositescontaining~ 23, 30, and 40 volume fractionsof aligned
140 um diameter,chemicallyvapor depositedSiC fibers have been fabricated.
The room temperaturephysicaland mechanicalpropertieshave been evaluated.
The resultsfor compositetensilestrength,bend strength,and fracturestrain
indicatethat the comDositedisplaysexcellentpropertieswhen comparedwith
the unreinforcedmatrix of comparableporosity. The compositestress at which
the matrix first cracks and the ultimatecompositefracturestrength increase
with increasingvolume fractionof fibers, and the compositefails
qracefully.

Measurementsof room temperaturetensile strenqthof SiCIRBSNcompositesafter
lO0 hr exposure in flowingair at 1200°C and at 1400°C,and measurementsof
bend strengthat temperaturesup to 1300°Cdid not show any appreciable
strengthloss from the strengthvalues of as-fabricatedcomposites. The
mechanicalpropertydata of this ceramic comoositeare comparedwith similar
data for unreinforcedcommercially-availableSi3N4 materialsand for SEP
SiCISiCcomposites. '
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SiC FIBER REINFORCEDREACTION - BONDED Si3N 4
by

R. T. BHAll
NASA-LEWISRESEARCHCENTER

CLEVELAND,OHIO44135

OBJECTIVE:
• TOFABRICATEANDEVALUATEPROPERTIESOFFIBERREINFORCEDSi3N4 MATRIX

COMPOSITESFORADVANCEDHEATENGINEAPPLICATIONS
RATIONALE:

• Si3N4IS ALIGHT,OXIDATIONRES{STANT,THERMALSHOCKRESISTANT,NONSTRATEG_C
MATERIALBUTLACKSDUCTILITY(TOUGHNESS)ANDSTRENGTHREPRODUCIBILITY

APPROACH:

• REINFORCEMENTOFSi3N4 BYHIGHSTRENGTH,HIGHMODULUSCERAMICFIBERSHOULD
• IMPROVETOUGHNESSBYCRACKDEFLECTIONATTHEINTERFACE

• INCREASEFIRSTMATRIXFAILURESTRESSDUETOINCREASEIN STIFFNESSOFMATERIAL
PROPERTIES:

• FIRSTMATRIXCRACKSTRESS
• ULTIMATESTRENGTH
• INTERFACIALSHEARSTRENGTH

• THERMALSHOCKRESISTANCE
• THERMALSTABILITY

TESTS:
• TENSILESTRENGTH-(ROOMTEMPERATURE)

• FLEXURESTRENGTH-(ROOMTEMPERATURETO1400°C)

MATERIALS FOR Si3N 4 COMPOSITE

FIBERS

o AVCO CVD SILICON CARBIDE FIBERS

• HIGHMODULUS- 390GPa(57x106psi)
• HIGHSTRENGTH- 3.5 GPa(.500ksi)

• HIGH PURITY

• CREEPRESISTANT

• COMPATABLEWITH Si3N4

MATRIX

• REACTION-BONDEDSILICON NITRIDE

• LOW MODULUS- 100-200 GPa (15-30x106psi)

• LOWTEMPERATUREFABRICATION

o NET SHAPE PROCESSING

CD-85-16631
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AVCOSiCFIBERCOMPOSITION

{_-SiCSHEATH _ ,- GRAPHITECOATED

(142pm DIAM)-"; " t"_"""_ CARBONCOREFIBER

CARBON-RICHCOATING_/ __ /

1

COATING Si
(SCS-6} C

I
-2 pm

DEPTHBELOWSURFACE
CD-BS-I6632

CS-05-222 !

SiC/RBSNCOMPOSITEFABRICATION

SiCISi SILICONTAPE

FIBERMAT

PREFORM CONTAINING

BONDEDBY\\_ --_,- SiPOWDER,
SiPOWDER \\ ADDITIVESORGANICBINDER
+ BINDER x

HEATEDTO500°C I

INVAC FURNACE
FORBINDERREMOVAL

I
I

HOTPRESSEDIN ]
VACUUMOR ARGON IAT1000°C

I

NITRIDEDBETWEEN [
1200- 1350°C INN2/H2
MIXTUREFOR30-75hr

I
!

COMPOSITEPANEL I
r-,-3.".-0357
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CROSSSECTIONOF39VOL%SiC/RBSNCOMPOSITE

100pm

CS-86-0199

INTERFACIALREGIONINSiC/RBSNCOMPOSITE

SCS-OFIBER SCS-6(DOUBLECOATED1FIBER

CS-86-0200
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DENSITY AND POROSITY DATA FOR SiC IRBSN COMPOSITES

VOLUME BEFORENITRIDATION AFTERNITRIDATION
FRACTIONOF

FIBERS DENSITY MATRIX DENSITY MATRIX
gm/cc POROSITY, gm/cc POROSITY,

'7o '7,

0 I.56 35 I.98 37

23+3 1.70 54 2.19 39

40+ 2 1.90 51 2.36 40

CD-85-16629

THELOAD-DISPLACEMENTBEHAVIORFOR20vol%SiC/RBSNCOMPOSITE
IN3-POINTBENDING

200--

IUBS

600-- 150--

MAXIMUM \".- NON-LINEAR
BEND 400- LOAD,100- # RANGE

STRESS, N

YMPa

200-- 50 _/! __FIRSTMATRIXCRACKING

_--LINEARRANGE
I I I I

0 1.25 2.50 3.75 5.0
RAMDISPLACEMENT,mm _D-_5-J6_2_

C5-B5-22 17
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THEAXIALSTRESS-STRAINBEHAVIORFOR20vol%
SiC/RBSNCOMPOSITE

4OO
r- FIRST
_ MATRIX
\_CRACKING

',, /1 °_300 _

AXIAL

STRESS, 200
O

MPa z/
L_NON_LINEAR >.- LINEAR

RANGE .-- RANGE
/

/

I00 .--"
/

l
0 .1 .2 .3

AXIALSTRAIN, %

CS -85-2220

FRACTUREDTENSILESPECIMENOF
SiC/RBSNCOMPOSITE
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ROOM TEMPERATURESTRENGTHS OF SiC IRBSN COMPOSITE

TEST AXIAL STRENGTH,MPa

0%FIBER 23+3% FIBER 40+2%FIBER

L
4 POINTBEND(_ = 15)a 107+26 539±48 616_+36

L
4 POINTBEND(-h = 45) 675+42 868+ 32

L
3 POINTBEND(_ = 35) 717±80 958+45

TENSILEb 352+ 73 .536_+20

aTESTSPECIMENHEIGHT_ I. 2.5mm

CD-85-16641

bTESTGAUGELENGTH50mm
CS-85-2218

SiC IRBSN FRACTURE PARAMETERS

FIBER MATRIX INTERFACIAL .COMPOSITESTRESS MATRIX
FRACTION, CRACK SHEAR AT WHICHMATRIX FRACTURE

% SPACING, STRESSa, FIRSTCRACKED, STRAINb
mm MPa MPa

23+ 3 2.0 + O.3 I0. 91' 237+ 25 O.0015

40+ 2 O.9+ O.2 I0. 23 293+15 O.0014

aCALCULATEDFROM ACK THEORY

bCALCULATEDFROMESTIMATEDCOMPOSITEMODULUS
CD-85-16640

CS-85-2225
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FRACTURESURFACEOFSiC/RBSNIN
TRANSVERSEFLEXURE

_,_oo_

SiCFIBERSSTRENGTHENANDTOUGHENREACTION-BONDEDSi3N4
Js,_,CON1

SLURRYJ'_l

kJ _OE_iRMLI.o,p,_Ll_._.,o_Ll_,c,._I_

[] ULTIMATESTRENGTH COMPOSITE, //

I_MATRIX CRACKING 40%FIBER
800 -- STRENGTH

COMPOSITE,i MICROSTRUCTURE
23%FIBER

600-- r_
BEND

STRESS,
MPa TYPICAL

400 -- MONOLITHIC
RBSN

H UNREIN-

//
FORCEDRBSN _ iI

200 -- MATRIX / / / /

__ ,7.;0 2.6 2.0 2.2
I00pm

DENSITY,gmIcc
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THERMAL STABILITYDATA FOR SiCIRBSN

AND SiCISiCCOMPOSITES

TREATMENT ROOMTEMPERATUREAXIALULTIMATE
STRENGTH,MPa

30vol %SiCIRBSN SEPSiCISiC

AS-FABRICATED 350a 441b

1200°C, 100hr, AIR 316a 234b

1400°C, 100hr, AIR 323a 234b

a-TENSILESTRENGTH.
b-4-POINTBENDSTRENGTH.(NOTENSILEDATAREPORTED.

TENSILESTRENGTHSWOULDBEMUCHLOWERTHAN
4-POINTBENDSTRENGTH.]

ELEVATEDTEMPERATURESTRENGTH(4-POINTBEND)FOR
SiC/RBSNCOMPOSITE,MONOLITHICSILICON-BASEDCERAMICS,AND

SEPSiC/SiCCOMPOSITE

800 --
,--, AS-FABRICATED
% _ 1200°C
,,'" _ 1400°C

"" RBSN REACTIONBONDEDSi3N4600-- f f
", \\ HPSN HOTPRESSEDSi3N4z/ \\

, // \\ //I

\\ //I\\ //I

4-POINT "" \\ -'-"
// \\ I //I

BENDSTRENGTH,400-- _ \\\\ ""//I / /
MPa "" \" //'

' // \\ //I //
.. // \\ /II // _-_

z/ \\. //I //
// \\ //1_ //

*'/ \% //I //
200 -- "" \x //','i ,'-"

// \\ //l_ //
*"/ \\ /./I / I
z/ \\ //1_ //
// \\ I/I //

//I //
*'/ \\ /11 //

0 "'\\ //I "/
23vol % NC-132 NC-350 SEP

SiC/RBSN HPSN RBSN SiC/SiC
COMPOSITE COMPOSITE
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SUMMARY OF RESULTS

• A STRONGAND TOUGHCERAMICMATRIXCOMPOSITECAN BEFABRICATEDBY

REINFORCINGRBSN BY HIGHMODULUS,HIGHSTRENGTHICONTINUOUS

LENGTHCVD SiCFIBER

• REINFORCEMENTOFRBSN BYCVD SiCFIBERSALSOMEASURABLYINCREASES

COMPOSITEMODULUS AND TIIECOMPOSITESTRESSATWHICHMATRIX

CRACKS

• WEAl<FIBER-MATRIXBONDINGALLOWSMULTIPLECRACKINGAND GRACEFUL

FAILURE

• COMPOSITEISTHERMALLYSTABLEAND HAS BETTERELEVATEDTEMPERATURE

STRENGTHTHANMANY COMMERCIALLYAVAILABLEMONOLITHICCERAMICS

• FURTHERIMPROVEMENTSINCOMPOSITEPROPERTIESARE POSSIBLEWITH

• INCREASEINMATRIXSTRENGTH(DECREASEINPOROSITY)

• SMALLDIAMETERFIBERS

• FIBERCOATING

CURRENT AND FUTURE STUDIES

CURRENT:

• OPTIMIZATIONOFPROCESSINGVARIABLES

• POSTFABRICATIONTREATMENTS

• LAMINATEPROPERTIES(0°190°,0°190°145°)

• INTERFACIALREACTIONKINETICS

FUTURE:

• MEASUREMENTOFELEVATEDTEMPERATURE
IENSILESTRENGTHAND STRESSRUPTURE
DATA

• I'HERMALPROPERTIES

• OXIDATION
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