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EXECUTIVESUMMARY

This project is separatedinto three tasks. The first task is a design and modeling
effort to be carriedout by MSE, Inc. The purpose of this task is to develop and
analyzedesigns for variouscohesiveceramic fabrication(CCF) co_iiponu,_tsit.luding
an MHD electrodefor strategicdefense initiative(SDI) applicationsand a high
stress,Iowcost, reinforcedceramiccomponentfor armor applications. This quarter,
the advancedmolybdenumdisicilideMHD electrodedesign was essentiallycompleted.
Final refinementswill be made after molybdenumdisilicideprocessing results are
availableand the final layer compositionsare established. Work involvingwhisker
incorporationwas initiatedon the high stress component. However, it is unlikely
that whiskers will become low cost, so to realize the low cost potential of CCF
processing,particulatereinforcementwill be pursued. Modelingwork will resume
once a suitablealuminum oxide/siliconcarbide compositionis selected that, with the
incorporationof sinteringaids, can be fired to acceptabledensities by pressureless
sintering.

Task 2, subcontractedto AppliedTechnologyLaboratories(ATL), is principally
directed at establishinga propertydata base for monolithicand laminatedalumina
fabricatedusing the CCF process. This quarter,ATL demonstratedthat the CCF
processdoes not compromisethe flexure strengthof alumina. Strength values
substantiallyequal to those of commercialalumina have been determined.
Furthermore,the indistinguishabilityof the bond in CCF laminatedpieces after
firingwas demonstrated. A matrix experimentdesigned to identify the critical
processingparameterswas completedand will be reported on in the next quarterly.
High temperaturedata is also being acquired.

Task 3, subcontractedto Ceramics Binder Systems, Inc., has focused mainly on the
production,using the CCF technology,of a four-highstack o_ planar solid oxide fuel
cells. However,work on the planar solid oxide fuel cell was terminatedto allow
effortsto focus on CCF siliconcarbideparticulatereinforcedalumina and on the
developmentof processingproceduresfor nonoxidemolybdenumdisilicide. Preliminary
resultsindicatethat achievinghigh densitiesin siliconcarbide particulate
reinforcedaluminum oxide will be difficult. Molybdenumdisilicide results are
encouraging,and it is clear that the CCF process will work with this nonoxide
material.
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1.0 INTRODUCTION

The generalgoal of the cohesiveceramic fabrication(CCF) research and
developmentproject is to develop the CCF processand demonstrateits
applicationto variousdefense-relatedsystems.

The project has been separatedinto three individualta:;ks.

• Task I -- Ceramic ComponentDesign and Analysis;

• Task 2 -- ExploratoryDevelopmentUsing the CCF Process; and

• Task 3 -- Ceramic Fabricationand Manufacturing.

Z.O PROJECTDESCRIPTION

2.1 TASK I -- CERAMICCOMPONENTDESIGN AND ANALYSIS

The purposeof this task is to develop realisticspecificationsfor various
CCF componentsthat will demonstratethe applicabilityof the CCF process
to defense systems, includinga magnetohydrodynamic(MHD) electrodefor
strategicdefense initiative(SDI) applicationsand a high stress,low
cost, reinforcedceramicmatrix compositewith armor applications.

This task is the principalresponsibilityof MSE, Inc.

2.1.1 Subtask IA -- MHD ElectrodeDesign and Analysis

The overallthrust of this task is to design a ceramicMHD electrode
having advancedcharacteristicsusing the unique capabilitiesof the
CCF process.

The initialdesign will be generatedbased on input from MHD and
materialsspecialistsand design requirementsrelated to SDI
applications. The design will then be analyzedusing the finite
element technique, lt is expected that this will be an iterative
process involvingmaterial changes and dimensionalvariations.

The end productof this effortwill be an electrodedesign used as
the basis for fabricatingthe electrode in Task 3.

2.1.2 Subtask IB -- High Stress ComponentDesign and Analysis

In this subtask,a high stress ceramiccomponentwith armor
applicationswill be designed and analyzed. Once experimentshave
shown a feasiblecomposition,the sample piece to be fabricatedwill
be modeled and analyzedwith finite elementmethods.
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2.1.3 Subtask lC-- Project Management

This subtask entails managerial and technical supervision of all
Task I work as well as oversight and technical and general
monitoring of Task 2, which is subcontracted to Applied Technology
Laboratories (ATL), a division of Montana Technology Companies, and
of Task 3, which is subcontracted to Ceramic Binder Systems, Inc.
(CBSi).

This subtaskcovers reportingtechnicalprogress and tracking
contract expendituresand work schedules,

2.2 TASK2 -- EXPLORATORYDEVELOPMENTUSING THE CCF PROCESS

This task deals with the generationof a scientificdata base for ceramic
materialsproducedusing the CCF process. Emphasis is on alumina, but some
nonoxidedata on molybdenumdisilicide(MoSi2)will be generated. Some
work on a ceramicmatrix composite,most likely the silicon carbide (SIC)
particulatealuminamatrix system,will also be reported. Data will be
obtained to characterizethe propertiesof monolithic and bonded
(laminated)ceramic shapes.

2.2.1 Subtask 2A --Characterizationof StartingMaterials

Only limitedcharacterizationof the startingmaterialswas
scheduledbecausemanufacturers'sspecificationsand data are
sufficientfor most purposes. Some chemical analysis and
microstructuralanalysiswere scheduled.

2.2.1.1 Subtask 2A-I -- Ceramic ProcessControl Studies

Work conductedduring the first quarter showed that aspects
of the CCF processwere inadequate|yunderstoodand not
reproduciblycontrolled. Therefore,a series of matrix
experimentswas designed to identifythe causes oF process-
related defectsencounteredwhen thicker parts were
attempted. The resultswill be presented in a later
report. Meanwhile, successfulproductionof MIL-STD-1942
test bars was achievedduring the second quarter.

2.2.1.2 Subtask 2A-2 -- Characterizationof Sintered Ceramic

Sinteredceramicproduced by the CCF process is evaluated
bated on the sinteredmodulus and modulus of rupture
(flexurestrength in four-pointbending) and on an
examinationof the microstructureof the sinteredmaterial.
A thoroughexaminationincludesaveragegrain size, grain-
size distribution,grain shape, and grain shape
distribution. Defect distributionsare also significant;
these includecrack lengths,widths, and distributionsand
void (pore) sizes, shapes, and distributions.
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Grain size is importantbecause strength is usually
inverselyproportionalto the square root of the grain
diameter. Hence, a fine and uniformgrain size results in
high strength. But high strength also requires
minimizationof porosity,since pores and voids act as
stress concentrators,which may substantiallyreduce
strength.

Characterizationof sinteredmicrostructurefor this

project relies primarilyupon scanning electronmicroscopy
examinationbecauseof the fine grain size and small pore
size in sinteredceramic.

2.2.2 Subtask 2B -- MechanicalTest Methods

Mechanicaltesting is necessaryto secure quantitativeinformation
on the strengthof ceramicsproduced by the CCF process. Monolithic
ceramicwill be tested to providedata for comparisonwith regular
commercialceramicand also to establisha baseline againstwhich
the strengthof laminated(bonded)parts can be assessed. Testing
to MIL-STD-1942for flexurestrength is planned in addition to some
other testing conductedto ascertainfracture toughnessvalues. The
diametralcompressiontest will be used to develop informationabout
the tensilestrengthof the CCF bond.

2.2.2.1 Subtask2B-1 -- FlexuralTesting to MIL-STD-Ig42

Four-pointbend testingto MIL-STD-1942is widely applied
and accepted. The standarddetails well-definedsurface
preparation,which is importantfor providingvalid
comparisonamong materials. Specimenswill be sent to
experiencedoutsidevendors for preparation. In-house,
as-firedspecimenswill be extensivelytested as part of
the exploratoryand developmenteffort.

Most ambienttestingwill be conducted in-house,and
elevated temperaturetesting will be conductedby a
properly equipped,experiencedvendor.

2.2.2.2 Subtask2B-2 -- Short Rod FractureToughnessTesting

ATL is equippedwith a Terratek FractometerI System 4201
test apparatus. This will test fracture toughness
accordingto ASTM StandardB-771, StandardTest Method for
Short Rod FractureToughnessof CementedCarbides. An
advantageof this test is that specimenscan be readily
produced in-house. The method appearsto offer a
reproducibleway to obtain reportablefracture toughness
data for ceramicmaterials.
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2.2.2.3 Subtask2B-3 -- FractureTesting of Joints

A standardor widely acceptedtest for fracture toughness
testingof ceramicmaterialbonds is not available. Hence,
availablefracture toughnesstest methods as they apply to
bonds in laminatedceramic items will be evaluated, lt is
possible that the short rod test in Subtask 2B-2 will be
best, but alternativeswill be explored.

2.2.2.4 Subtask2B-4 -- DiametralCompressionTest

The diametralcompressiontest appears to have the
potentialbenefitof providingtensile strength information
becausefracturescan be initiatedin_ernallyas a result
of the stress distributionthat prevails in the specimen
used in this test. Furthermore,the cylindricalspecimens
necessarycan be core-drilledreadily from CiTed ceramic
pieces. In addition,it should be possible to orient the
bonded region in laminatedpieces along a diametralplane
and normal to the test platens. Accordingly,this test
method is under seriousconsideration.

2.2.2.5 Subtask2B'5 -- MicroindentationFracture ToughnessTest

In brittlematerials,indentationtests for hardness
measurementsare apt to be in error due to cracks generated
by the indentor. These cracks may be useful in assessing
the fracture toughnessof the material;extensive
literaturestudieson the applicabilityof this test for
assessingthe fracturetoughnessof joints made with the
CCF process_xist. lt is necessary to determinewhether
the fracturetoughnessvalues determined by the
mic_'oindentationmethod are comparablewith those obtained
from the short rod method. If so, microindentationtesting
will be a simplerand fasterway to assess fracture
toughnessof joints and laminatedspecimens.

2.2.3 Subtask 2C -- Developmentof CeramicSpecimens for LaminatedBond
Testing

The proprietaryCCF process impartsa unique pliabilityto otherwise
nonplastic,green ceramic powders. This pliability allows complex
shapes to be fabricatedwithoutextremelyexpensive shaping
equipmentand tooling. Becausethe CCF process is sufficiently
novel, it is imperativeto establishthat the CCF process can yield
high-qualitysinteredaluminaceramicmaterial with properties
equivalentto those of aluminaobtainedwith the traditionalceramic
shapingprocesses (dry pressing,extrusion,and slip casting).

Since the CCF processdiffers substantiallyfrom the more
traditionaltechniques,it is also necessaryto establishthe
optimum processingprocedureso the process is compatiblewith
laminationbonding. However, the laminationoperationhas to be
optimizedand detailed proceduresestablished.
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Laminationbond qualitycan be determinedby comparing the modulus
of rupture of monolithicsampleswith those of laminationbonded
samples. If statisticallysignificantdifferencesoccur between
monolithic and laminatedspecimensand the laminatedspecimensare
weaker, then the bond interfaceis inherentlyweak, and process .
modificationsmay be needed to increasethe bond strength.

2.2.4 Subtask 2D -- CeramicMatrix CompositesUsing the CCF Process

Superior engineeringpropertiesand performancecan be obtained by
combiningtwo or more materials to form a composite. Desirable
mechanicalproperties(strengthand toughness)are possible with
fiber reinforcement(such as fiberglassreinforcedplastics).
Compositeswith potentialfor high temperature,high stress
applicationsinclude: ceramic fiber in a ceramicmatrix, ceramic
fiber in a metal matrix, and metal fiber in a ceramic matrix.

Fabricatingceramicmatrix composites is difficult because fiber
reinforcementinterfereswith particle packingand compaction. In
addition,the fibersoften inhibitdensificationso sintering
becomesdifficult. Therefore, "high tech" compositesare often
extremelyexpensivebecause fibers are costly, and the composite
often requireshot pressing,hot forging,or some other high cost
fabricationtechnique.

The CCF processhas promise for improvingcomposite fabrication
because the pliabilityof the plasticizedceramicmatrix allows
complex shapes. Considerableprocessdevelopmentwill be required
to incorporateselectedfibers and attain high sintereddensities°

The system chosen for study is siliconcarbidewhiskers/fibersin an
aluminamatrix. Considerableexperiencewith this system is
reportedin literaturebut mostly with hot-pressedmaterial. Since
the CCF processuses pressurelesssintering,initial effortswill be
directed at selectingprocessvariablessuch as sinteringaids,
volume percentof whiskers,etc.rto yield acceptabledensities. ,A
compositionand process procedurewill then be selected, and the
processedceramicwill be tested to secure a data base of mechanical
property and microstructuralinformation.

2.3 TASK 3 -- CERAMIC FABRICATIONAND MANUFACTURING

The overall goal of CBSi is to fabricatecomplexceramic components to
demonstratethe applicabilityof CCF technologyfor defense purposes. The
CCF process has the potentialto extend the number and complexityof
ceramiccomponentsavailableto the government. The goal of the proposed
work is to producecomplexceramic shapes that have near-term applicability
to Departmentof Defenserequirements.

CBSi will produce three complexceramic componentsduring the course of
this contract. The first component is a model of a solid oxide fuel cell,
the second is an advancedconcept model MHD electrode,and the third is a
curved shape with armor applications.
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2.3.1 Subtask 3A -- Solid Oxide Fuel Cell

The solid oxide fuel cell (SOFC) is a planar fuelcell design that
allows a higher densitymembrane area than other SOFC designs.
During the first quarter, a complex, multilayer,stabilizedzirconia
fuel cell model was fabricated,and good progresswas made.
However, shape, dimensional,and tearing problemswere encountered
when multilayercell stackswere attempted. After the second review
meeting on January 17, 1990, developmentwork on the SOFC was halted
so effortscould be concentratedon the other two subtasks. The
work conductedto this point will be reported,and a demonstration
single cell will be deliverable.

2.3,2 Subtask3B -- MHD ElectrodeFabrication

The second componentto be fabricated is an advanced MHD ceramic
electrode. The electrodewas designed by MSE with collaboration
from CBSi during the first phase of the project. The candidate
material selectedwas molybdenumdisilicide (MoSi2). Modeling and
analysisof the proposedlayered structurewith compositional
gradingto meet the requirementsof the specificationsset out in
the second quarterlyreport are being carried out by MSE As MoSi2
is a covalentlybonded,nonoxidematerial, it provides an excellent
opportunityto demonstratethe applicabilityof the CCF technology
to nonoxide ceramics. CBSi will fabricatethe design after the
compositionand dimensionsare refined.

2.3.3 Subtask 3C -- High Stress Component Fabrication

Th:-third componentto be fabricatedis a ceramic componentthat
experienceshigh stress,thermalor mecha,ical,while in service.
An armor applicationhas been selected since it enables the
demons'Lrationof low cost fabricationof doubly curved shapes using
the CCF process. A ceramicmatrix compositebased on silicon
carbide (SIC) in aluminawill be produced. A data base will be
generatedand ballistictest plates will be fabricated. Initially,
SiC whiskers were procured;however, given the emphasis on low cost
fabrication,effortswill be concentratedon SiC particulate
reinforcement. MSE will analyzethe design, and CBSi will fabricate
the component.

3.0 PROJECTSTATUS

3.1 TASK 1 -- CERAMICCOMPONENTDESIGNANDANALYSIS

In Subtask IA, modeling and analysisof the layered, graded MoSi2 electrode
was essentiallycompleted. A few final refinementsare likely. However,
they will not be made until CBSi experimentalresultsare available,which
will allc,w the final compositionalgrading and layeringto be established.
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In Subtask IB, the resultsof the CBSi experimentsare needed to fix the
compositionof the ceramicmatrix compositeto be modeled and analyzed.

3.I.I Subtask ]A.'-MHD ElectrodeDesign__and...Analysis

Molybdenumdisilicide (MoSi2)was chosen as the electrodematerial;
however,finite elementanalysis indicatedthermallyinduced stress
of the same magnitudeas the nominaltensile strengthof the
materialwould be generatedduring startup. Silica glass was
selectedfrom severalpotentialgradingmaterialsto be incorporated
as a second phase to lower the thermalexpansioncoefficientof_the
MoSi2. By creating layers_havingdifferent percentagesof silica
glass, the calculatedthermalstressescould be brought under the
nominaltensile strengthof the pure MoSi2. The CCF process is
ideallysuited to fabricatingan electrode structure_composed of
layers having differentcompositions.

Figure I shows the calculatedtemperaturedistributionas a function
of time after startup. Steady state is reachedapproximately
50 secondsafter startup. The maximum tensile stress, approximately
180 MPa, is developedbetween3 and 5 seconds after startup as shown
in Figure 2. The nominal strengthof MoSi2 is approximately
196 MPa. The layereddesign to accommodatethis situationis shown
in Figure3, which shows thatgrading with up to IE volume percent
of silicondioxide (Si02)glass in the middle layers is needed. The
calculatedstressesfor the steady-stateconditionare shown in
Figure 4. The transientstress conditionsin the X-directionare
shown, for I to 5 secondsafter startup, in Figure 5. This shows a
high tensilestress regionmoves down through the electrodefrom the
surfaceduring the heatingphase.

During March, additionalanalysiswas performedto investigatethe
amount of Joule heatingdissipatedin the electrode under normal
operatingconditionswhere currentdensity of 8 A/cm2 is assumed.
The electricalresistivityof Kanthal Super 33 (MoSi_),taken frown
the KanthalHandbook,is rearranged in curvefit form as
r = (O.22+Tx((4-0.22)/1,800))x10TM where r is the electrical
resistivityin _.cm and T is temperaturein degrees celsius. Silica
glass has near zero electricalconductivityand is incorporatedas a
second phase in MoSi2. The rule of mixtures is usedto calculate
the electricalconductivityof the MoSi2/SiO2 graded compositionfrom
whichthe Joule heatingdissipated is calculated from

Q_ouLe:J2/°

where Qiouteis the energy dissipatedthroughJoule heating, J is
current'dehsity,and a is the calculated electricalconductivity.
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Figure 6 shows the electrical conductivity and Joule heating
distribution in the graded ceramic electrode described in Figure 3.
The results indicate the Joule heating dissipated in the electrode
under normal operating conditions is negligible.
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3.1.2 Subt_sk 1B -: High Stress ComponentDesign and Analysis

The emphas;s in this subtask is to demonstrate the potentially low
cost fabricationof complex shapeswith armor appli,:ations.Because
of the low cost objective,the initialthrust to incorporate
whiskers has been set aside becauseceramic whiskers are high cost
materials,and it is unlikely that any material containinguseful
quantitiesof whiskers will become low cost. A small quantity of
aluminacontainingSiC whiskers was purchased by CBSi, and some
experimentsweredone. These are reported by CBSi. Currently,work
is directed at incorporatingSiC particulates. The literatureshows
that current armor work involvesmaterials such as titaniumdiboride

(TiB2),boron carbide (B4C),and other very hard, low density
materials. Although alumina has a higher density than TiB2or B:C,
it is much less expensive. Therefore,alumina was selected as the
base materialfor this task to keep with the low cost objective.

ParticulateSiC is not an expensivematerial. One of the attributes
of the CCF process is the ease with which complex curvaturecan be
fabricated;this is presumedto have considerablemerit for armor
shapes. Thus, a demonstrationpiece with double curvaturewill be
produced.
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However, the CCF process normallyemployspressurelesssintering,so
achievinghigh sintereddensitiescan be a problem. When a second,
inert, dense phase is incorporated,it becomes even more difficult
to achievehigh densitiesusing pressurelesssinteringbecause
shrinkageis impededby the second phase. Hot pressing or hot
isostaticpressing is normally adoptedto solve this difficulty,but
these methods are expensive,slow processes,and even hot isostatic
pressing is restrictedto relativelysimple shapes. Consequently,
CBSi proposesto address this problem by using sinteringaids to
significantlylower the sinteringtemperatureso more effective
densificationcan take place at the usual sinteringtemperature.
CBSi is presentlyconductingexperimentswith sinteringaids in CCF
alumina/particulateSiC and will select a compositionwith which to
proceed. Modeling and analysis of the proposed shapes can proceed
after the compositionis selected._ ATL will generate a mechanical
propertiesdata base for the chosen composition.

3.2 TASK2 -- EXPLORATORYDEVELOPMENTUSINGTHECCF PROCESS
,4

3.2.1 Subtask2A -- Characterizationof StartingMaterials

3.2.1.1 Subtask2A-I -- Ceramic ProcessControl Studies

Since the ceramic process controlstudies were initiatedin
August 1989, significantchanges and refinementshave been
made in the CCF process to improvequality and consistency.
These changesare shown in Figure 7, which compares the old
and currentversions of the CCF process employed by ATL.

3.2.1.1.1 Mixing

Better homogeneityhas been attained by fiber
spinning. The mix of organics,binders and
solvents,and high purity aluminapowder is ball
milled with sufficientacetone to produce a
pourableslurry. The slurry is then poured into
a cup in the center of the spinnerwhere it
flows onto a nozzle that spins, therebywhirling
the slurry centrifugally. The fluid strings
(threads)lose acetoneand collect as fibers on
the shell of the spinningchamber. The fibers,
resemblingcotton, are collected and compacted
into a slug in an extruder to ensure deairing.
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Fiber structureis shown in Figure 8. The
fibers are ribbon-likewith aspect ratios
greaterthan 20:1 and no evidence ofshot
(cl;Impsof tangled fibers). The width/thickness
ratio seems to be about 5:1, giving very
approximatedimensionsof 600 by 25 by 5 #m.
Thefibers seem to be entangled in a

configurationanalogousto steel wool. Strength
of the spun fibers is sufficientso they will
not disintegratebefore they can be sintered to
high density.

FIGURE 8 -- SINTERED CCF PROCESS FIBERS

The fibers are composed of the fine alumina
powder (less than 0.5 /_m)dispersed in the CCF
organic slurry;the powders (about 50 volume
percent) act as a filler for the organicbinder.
The slurry is slung out by the spinning disc,
therebylosing acetonerapidly. As the slurry
loses acetone,the viscosity increasesgreatly
so the slurry becomes fibrous insteadof forming
droplets. As the fibers are whirled outward,
they form a ribbon-typestructureinsteadof a
smooth,circularcross section fiber. The
ribbons are not flat but fairly flat to
incompletelycircular.
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When the organicis removed by browning,only
the ceramic powder remains, held togetherby
very weak forces. The powder sinterstogether
and shrinksabove 1,100 °C producinga ceramic
in the shape of the original+fiber. The
microstructureof the fiber-shapedceramic is
typicallyequiaxedgrains approximately3 #m in
diameter. The grain size and microstructureare
not determinedby the original shape of the
fiber. Ultimategrain size arldshape will be
produced by sinteringtime and temperature,
although loose packingcan retard grain growth
to some extent.

The intendedfunctionof fiber spinning is
acetoneremoval;the acetone is added for ball
milling to improvehomogenizationof the CCF
organicswith the fine, high purity alumina
powder, lt is+essentialto coat each particle
of alumina uniformlyto avoid clumps and clods
of uncoated powder. The combinationof ball
milling, fiber spinning,and slug compactionhas
improvedthe qualityand consistencyof the
CCF-processedceramic specimens.

The CCF-processedfibers are not likely to
disintegrateduring compactiondu_ to the high
strength of the CCF binder system. These fibers
are probablysqueezedtogether during
calenderingor extrusion. Good green
(compacted)densitiesand good sintered
densitiesare obtained,so it appears that the
unique pliabilityof the CCF materialsensures
tight packingeven with unfavorablestructure
precursors (such as ribbons).

"[hisraises questionsas to the effects of
mixing techniques (such as muller mixing,
calendering,sigma mixing, etc.) on the
fabricationstructure. There may also be some
merit in adjustingthe fiber spinningprocess to
change the fiber structure so circularor other
fiber cross sectionsare produced, lt is
encouragingthat fibers can be formed and
sinteredwithoutblobs, clusters,shot, or other
heterogeneities.
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3.2.1.1.2 Debinder ing

The quality of sheets and plates was improved
substantiallyby emphasizingconvection
debinderingand avoidingradiant heating,
especiallyfor thick samples. This convection
processinvolves a programmedflow of heated air
over the surfacesof the parts, taking care to
place the parts on grills or rails so the top
and bottom surfacesare exposed to the flowing
hot air° The temperatureis programmedto rise
to 230 °C on a schedule dependent upon the
thickness. Convectionheating has resulted in
substantiallyless cracking and warping of
samples.

A second measure,which has improved overall
qualityof CCF-processedceramics, is a
presinteroperation. The browning (debindering)
step reducesthe organic contentto
approximatelyI to 4 percent of the alumina
powder. A lower organic contentresults in a
weak, brittlematerial that cannot be safely
transferredto the sintering furnacewithout
mechanicaldamage. The residual organic needed
for strengthoften results in blisters,cracks,
and laminations,due to the relatively rapid
heatingrate in the furnace.

A presinteroperationthat raises the
temperatureto 1,000 °C in 8 hours removesthe
organicsremaining from browningwithout
creatingprocessing flaws. At this temperature,
some sinteringis initiated,which strengthens
the samples. However, less than I percent
shrinkageoccurs so there is no dimensional
distortion. This presinteringstep improvesthe
use of the furnace since long sintering
schedulesare required to safely remove the
residualorganic and sinter;tofinal density in
a single furnace cycle.

ATL has been using a Kanthal-wound,240-V
Paragonpottery kiln with a capacity of 2.5 ft3
for the presinteringoperation. This is
controlled by a Model CN2010 Omega controller,
which switches two 25-A solid state relays.
Considerabledifficultywith arcing and
prematureturnoff has occurred between 500 and
800 °C. This problem has been solved by cooling
the controllerwith a fan.
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3,2.1,1.3 Sintering

A heat balanceproblem is encounteredwith the
sinteringfurnace. This furnacehas excellent
lightweightthermal insulation,which provides
low heat leakagethrough the walls and also low
heat storage. The qualityof this insulation
reducespower requirementsand allows rapid
heatingand cooling. However, the heating is
more load sensitivesince it takes longer to
heat a full load of samples and relativelyheavy
refractoryplates. This is a lesser problem for
old style furnaceswith heavy bricks since the
ratio of furnace lining mass to furnace load
(samplesand plates) is large. When the
sinteringfurnace is fully loaded, this ratio is
relativelysmall when compared to a lightweight
load. In the case of full loading,samples in
the center of the furnacewill be substantially
lower in temperaturethan the furnacewalls
until the mass reachesequilibriumwith the
walls. The thermocouplein the furnace
primarilyresponds to the wall temperature,
resuttingin a sample temperaturethat
substantiallylags the programmedtemperature
and time.

This makes it difficultto get equivalent
sinteringsince it is necessaryto increase
programmedtemperatureand lengthenthe time at
temperatureto compensatefor this thermal lag.
If the program is not changed, sintered
densitieswill be low (hence low strength). If
the program is changedto raise the set point
temperatureand/or lengthen the hold time,
substantialgrain growth (hencelower strength)
will occur unless the increase in time and
temperatureare carefullybalanced. This
problem is being dealt with by using a more
standardizedmass (more constantmass of plates)
per cycle. Lower mass firing plates using
compactedCCF fibers are also being fabricated.

3.2.1.1.4 StatisticalProcessControlMat_ix Design

As an integralpart of the ceramiccontrol
studies,a statisticalexperimentaldesign plan
was formulatedto identifycritical processing
parametersas described in the previous
quarterlyreport (Section3.2.1.1,
Subtask 2A-I). This experimentalmatrix is
detailed in Tables I and 2. The 16 selected
experimentalruns have been formulated,
fabricated,and sintered. Resultsof the
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TABLE 1 -- EXPERIMENTAL DESIGN VARIABLES FOR STATISTICAL MATRIX*

;; , ,
i

PROCESS VARIABLES LEVEL 1 (+) LEVEL 2 (-)

MixingMethods Spinning Sigma Mixing

FabricationMethod Extrusion Calendering

AluminaPowder Type Alcoa AI6SG Reynolds RC-HP-DBM
+0.05% MgO

BinderContent Standard Level Half StandardLevel

DispersantContent Standard Level StandardAmount
+3% Additional

BrowningCycle 56 Hours 27 Hours

BrowningAirflowRate High Low

,,,= . L ,,,,, ., _ _, ,

*"Designof ExperimentsCourse,"Volume 5, J. S. Hunter,Westinghouse

evaluationof this matrix will be presentedin
the April monthly status report. Evaluation
criteria includesintered der_sity,warping,
cracking,blisters,and delaminations.

3.2.1.2 Subtask2A-2 -- Characterizationof Sintered Ceramic

Sawing,grinding,and polishingdamage the surface layers
of the ceramic specimens,therebymasking the optical or
scanningelectron microscopyexaminationof grain size,
gr_in-sizedistribution,and grain structure. The extreme
corrosionresistanceof dense sintered aluminamakes it
difficultand tediousto suitablyetch. ATL has found that
thermal etchinga ground and polished sample to 1,550 °C
for 30 minutes (about 100 °C below the usual sintering
temperature)annealsout the damage without causinggrain
growth. This produces satisfactoryetching and delineation
of microstructuralfeatures.
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TABLE 2 -- STATISTICAL EXPERIMENT PLAN PROCESS VARIABLE _

..... r-

RUN A B C D E F G*
,,,,

1 + + + + + + +
.............. ,, ,,

2 - + + - _ + .
,,,,

3 + - + - + . .

,, ,,

4 - - + + - .. +
..... , i,, , ,,i

5 + + - + _ . _

,, ,,, j ,,,,

6 - + - - + . +
,, ,,,

7 + .... + +
, ,, ,,

8 - - - + + + .

'" "'" ' 1

9 + + + _ _ _ +
,,.... , ,,,

i0 - + + + + . _

,,,,

11 + - + + _ +
,,,

i ,,

12 - - + - + + +
..... ..,,,

13 + + - - + + _
.......... .., ,,,. .,,,

14 - + - + _ + +
J _

15 + - + + . +
"" . ,l

16 ......

, , _; ',, _

1"Designof ExperimentsCourse,"Volume5, J. S. Hunter,Westinghouse
'Forexplanationof + and -, refer to LevelsI and 2 of Table I.

3.2°2 $ubtask 2B -- MechanicalTe.stMethods

3.2.2.1 $ubtask2B-I -- Flexural Testing to MIL-STD-Ig42

Six plates were fabricatedfrom RC-HP-DBM powder containing
0.05 percentmagnesiumoxide (MgO) by calenderingand then
sintered at 1,600 °C for 4 hours These plates (lot 61)
were sent to Chand-KareCorporationfor cutting and
grinding into MIL-STD-1942Bbars; 38 test bars were then
fracturedin four-pointbendingwith an Instrontester.

-19-



Another batch of plates was calenderedand sintered from
AI6SG powder (lot 68) and sent to Chand-Karefor cutting
per MIL-STD-1942B. These bars were divided into three
groups. One part of Lot 68 (13 bars) was tested in-house
while the remainderwere sent to the Universityof Utah for
room temperature(35 bars) and 1,000 "C modulus of rupture
measurements(23 bars).

The processinghistoryof all the flexuretested lots is
summar,ized in Table 3. ATL hK, now demonstratedthat good
aluminaceramicscan be made from Reynolds RC-HP-DBM
+0.0.5percentMgO powder and from Alcoa AI6SG powder, lt
has also been shown that in-house bars are close in
strengthto MIL-STD-Ig42Bbars, which meansthat the
dominant contributorsto strength are: high sintered
density; a small, uniformgrain size; and the absenceof
cracks and surfaceflaws.

The four-pointbend test fixture and the testing procedure
employed by ATL appear to be suitable since the flexure
strengthat room temperatureobtained by ATL correlates
closelywith that found by the Universityof Utah. Some
differenceexists in the Weibull modulus (and hence
standarddeviation),but the sample sizes were differentso
a higher modulusfor the Utah sample is not unreasonable.

The correlationbetween flexure strer)gth(modulusof
rupture)and averagegrain diameter is indicatedin
Figure 9. The flexure strengthof ceramics follows an
inversesquare root of averagegrain-sizerelationship.
This relationshipwas developed for m_tals by Petchl and
was extendedto ceramics by Carniglia_. The Petch equation
is followedfor small grain sizes under 50 pm, but larger
grained ceramicsconformto Knudsen'sequation:

f = kt(D)"I12 (Knudsen)

compared to. ':

f = _i + k2(D) "l/z (Petch) ;

where:

f is the average fracture stress
D is the average grain size
oi is friction stress (stressto where fracture
crystal)
k and k2 are empiricalconstants
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FIGURE 9 -- DEPENDENCE OF FLEXURE STRENGTH
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The Knudsen equation impliescompletelyelastic behaviorin
which large grains fractureby transgranularcleavage.
Smallergrains deflect cracks at the grain boundariesand,
therefore,fractureintergranularlyalong grain boundaries.
The criticalgrain size for the transitionfrom
transgranularto intergranularfracture varies with the
chemical compositionand the temperature.

Deviationfrom the experimentalcurve of Figure g presented
by Carnigli_for aluminaceramics can be caused by the
porosity since sintereddensitiesof CCF ceramicsvary from
95 to 97 percenttheoreticalcomparedto 98 percent for the
data of Spriggs._ Another source of deviation is the
grain-sizedistribution,which may be relativelytight or
quite broad. Doping with MgO (0,03 percent) tends to
refine grain size by inhibitinggrain growth and avoiding
formationof giant grains,which substantiallyreduce
averagestrength.

Above 20 microns,grains tend toward elongatedgrowth as
compared to equiaxedgrains below 15 pm. Porosity,grain-
size distribution,and texture tend to modify the grain
size versus strength relationship. Attaining higher
strengthrequires high density (>98percent theoretical)
combined with fine, uniform grain size (<3 _m). This
microstructurewill allow 60- to 80-ksi (411 to 548 MPa)
flexure strengths.

3.2.2.2 Subtask 2B-2 -- Short Rod Fracture Toughness Testing

No activitywas scheduledor performedthis quarter.

3.2.2.3 Subtask 2B-3 -- Fracture Testing of Ooints

No activitywas scheduledor performedthis quarter.

3.2.2.4 Subtusk 2B-4 -- DiametralCompressionTest

No activitywas scheduledor performedthis quarter.
w

3.2.2.5 Subtask 2B-5 -- HicroindentationFracture ToughnessTest

No activitywas scheduledor performedthis quarter.

3.2.3 Subtask2C -- Developmentof Ceramic Specimensfor Laminated
Bond Testing

Laminatedin-housebars were fabricatedfrom lot 71 tAI6SGpowder)
and made into strips,which were compactedby calenderingto a
thicknessof 3 mm. The bilayer stripswere partially browned to
toughenthe CCF materialso they could be cut into 5-mm wide,
60-mm long strips. These bars were then fully debinderedand
sinteredat 1,650 "C for 8 hours. The sinteredbars showed no
indicationof a visiblebond line at X 50 magnification.
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The laminatedbars were then broken on the four-pointbend fixture.
Averagestrengthwas 34.3 ksi (236.7MPa) with a standarddeviation
(coefficientof variance)of 16.2 percent,giving a Weibull modulus
of 5.24. T_e Weibull distributionof lot 71 is plotted in
Figure 10.

,,,1 1 I , ,I I ! ! ! ' !
_ " _') 0 V) °

,' T ' _ ' ?
((a-t/t)usuj

I I ! ,,I _ I J ...... ! ! _ I 1 !

d *3_'lry_l _10 AM'IISVSO_IcJ

FIGURE 10 -- WEIBULL DISTRIBUTION FOR LAMINATED MOR BARS, LOT 71
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The sintereddensity of the laminateslab was determinedto be
97.6 percent. The bar_ were sectionedand examined with scanning
electronmicroscopyto obtaina detailedmicrostructureof the
joint. Even at X 2100, no laminationbond line was distinguishable.
The microstructure(X 500) is shown in Figure 11 indicatingan
averagegrain size of 19 microns.

FIGURE 11 -- MICROSTRUCTURE OF LAMINATED SAMPLE, LOT 71

The relativelylarger grains of lot 71, which were probably caused
by the heat balance problemdiscussedin Section 3.2.1.1.3,resulted
in loweredstrengthcomparedto 'lot61 (see Table 3). Since the
strengthreductioncan be explainedby the larger grain size and
since there was no evidenceof bondingline fracturesor porosity,
the feasibilityof laminationby the CCF processwithout producing
strengthdegradingbondingflaws has been demonstrated.

Poor techniquewill producegross laminationflaws. Over
applicationof solvents (such as acetone)to the laminatingsurfaces
will produceblisters. Overly dried surfaceswill form weak,
erratic,or unbondedlayers resultingin delamination during the
browningstep. This delaminationdue to dry contact surfaceswill
occur even if strong compactionforces are applied to bond the
laminatelayers. ATL has obtainedencouragingresults by applying
an acetone-thinnedslurry of the aluminaCCF organicmixture to both
surfaces. Good bonds are obtainedwith relativelymoderate
compactionforces.
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3.2.4 Subtask 2D -- Ceramic Matrix Composites Usinq the CCF Process

Fiber reinforcedceramicmatrix compositesare material systemsof
particular interestfor high stress ceramiccomponent applications
under study in the Task I and Task 3 effortsof this program.
During this quarter,ATL initiatedan experimentalprogram to study
the initialaspectsof fiber reinforcedcompositesproducedwith the
CCF process.

The standardCCF binder '_ormulationincorporatingAI6SG alumina
powder was selectedfor use as the green ceramicmatrix for initial
experiments. Dupont FP continuousalumina fiber was obtainedand
was used as a continuousoriented fiber reinforcement,

Polycrystallineribbon fibers of alumina (approximately
5 by 25 microns in cross sectionand about 20 to 50 vm in length)
weremade at ATL using a cold spinningprocess (Section3.2.1.1.1)
on CCF/AI6SGalumina.

Initialexperimentswith the Dupont FP continuousfibers in an
oriented constructionshowed that fiber coating is probably
necessary to eliminatecracking and delaminationof the composite
due to differentialshrinkagebetweenthe green matrix and the fully
fired fibers. Preliminaryfiber coatingexperimentswith organic
coatings at hand did not appear promising, lt is recognizedthat
chemical vapor deposition (CVD) is frequentlyused for coating
fibers for compositeuse. However,CVD is an expensiveprocess step
in most cases, and CVD capabilityis not set up at present in the
laboratories. Furtherstudy of the continuousfiber coating problem
is in progress.

ATLTM aluminafibers (fullyfired at 1,650 °C) were incorporated
into a small portionof standardgreen CCF mix by rolling the mix
into a thin sheet, coatingone surfacewith fibers,folding
repeatedlyand intermixingthe fibers with the green ceramic matrix
by extendedprocessingon a compoundingroll. The randomly oriented
fibers constituted12.4 volume percentof the binder-freecomposite.
MOR bars were fabricated: five monolithicand five double layer
laminatedbars. These bars were then debinderedand sintered
accordingto currentCCF procedures.

Densitiesof the fired bars were found to be low (86.7 percent
theoreticalfor the monolithicbars, and 85.2 percent theoretical
for the double layer laminatedbars). Similarly,MOR values
determinedon the monolithicbars averaged 19.1 ksi compared to
11.1 ksi averagefor the laminatedbars. The value for the
monolithicmaterial is less than one half of that customarily
obtained for CCF monolithsof >95 percenttheoreticaldensity.
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The surface finish seems to be an importantcontrollingfactor for
strength. In fact, the green tape was cut intoMOR bars using a
knife. The surfacesof the bars were not smooth compared to the
surfaceof the extrudedbars or machined bars. The lower density is
also responsiblefor the lower strength. Apparently,fiber loading
works to limit sinteringconsolidation(a common situationwith many
fiber-containingceramicbodies). The laminated,fiber _einforced
bars displayedsevere delaminationon breaking,and only two samples
were evaluated. Thus, it is not appropriateto attributethe very
low MOR values only to low density, as the degree of bondi_ngof the
bars was clearly inferior. An improvedbonding/laminatingtechnique
has been identifiedsubsequentto this initiallaminationexperiment
and appears to yield improvedbonding,. Furtherexperimentswith
laminated,fiber-containingcompositeswill use this new bonding
technique.

3.3 TASK 3 -- CERAMIC FABRICATIONAND NANUFACTURIN¢

3.3.1 Subtask 3A -- Solid Oxide Fuel Cell

During the precedingquarterand the first severalweeks of this
quarter, the primarygoal of Task 3 was to fabricatea stack of four
individualcells. Althoughthis was achieved,the overall integrity
of the fuel cells was unacceptable. Consequently,the next goal was
to develop a method of evaluatingthe individualcells to increase
the overall integrityof the fuel cell stack. Relativelylittle
effort was devotedto the lattergoal since the overall effort of
Task 3 was shiftedto other programmaticgoals during the first part
of the quarter.

Since the initialoverallgoal during this quarterwas to produce a
stack of individualcells,CBSi personnelbegan to mass produce the
individualcells, producing12 to 30 individualcells per day. The
primarygoal was to producecells that would be conduciveto
stacking;therefore,some of the internalcell featurespreviously
developedwere eliminatedto allow the productionof more cells.
Two different approacheswere taken to develop the four-highfuel
cells.

I) Individualcells were produced using the standardtechniques
developed in precedingmonths. These individualcells, which
consistedof a separatorplate and two membranes,were
debindered,and the debinderedcells were joined with the green
CCF material to form a four-high stack. The cells were then
debindereda secondtime.

2) In the second technique,the standard techniquewas also used,
but the entire stack was pressed together in a Carver press
while all the materialswere in the green state.

'
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The actualassembly of cells is highlydependent on the fill
material used to supportthe material in the green and brown
(debindered)state. The primary accomplishmentwas the refinement
of the previouslydevelopedassemblydetails. Cell debinderingwas
a significantproblem, largelyo_ercome by supportingthe green fuel
cell assemblyon p_ds of Pellonmaterial,which was then supported
on metal screens. This allowedthe binder to be removedequally
from both_thetop and bottom (and in between) cells, which prevented
exaggeraii_Idwarping in the brown state. The flatnessof the brown

material ,'_iontinualIy improved.

The primaryproblems during developmentefforts were material
warping in the final firing and the general lack of membrane bonding
to the separatorplate.

The warpingduring firing was expected because of the overall
complexityof the part and the fact that the part has significant
shrinkageduring sintering(as do all ceramics). The techniques
used during the browning stage to increase the flatnessare_being
incorporatedinto the final firing stage; however, hightemperature
Pellon and screen equivalentshave not been found.

The problemsassociatedwith the general decay of bonding in the
sampleswas not expected. Since the overall improvementin the CCF
processwas occurring at the same time as the fabrication
development,it was difficultto accuratelypinpoint the exact cause
of the bondingfailure, lt was pinpointedto the techniqueused to
mass producethe cells. Duringmass production,paper was placed on
the CCF material to prevent contaminationof the laboratory
environment. Later, it was found that the paper alteredthe binder
at the surfaceof the material and caused the bonding problem.

3.3.2 Subtask3B -- MHD ElectrodeFabrication

MSE personnelcompletedthe MHD electrodedesign during the first
part of this quarter (Task I). In general, the strict material
requirementsindicate that relativelyfew materialscan be used in
this fast startupMHD environment. Oneof the materialsthat

appearspromisingis molybdenumdisilicide(MoSi;_).Although pure
MoSi2 does not have the requiredthermal propertles,these
propertiescan be achievedby chemicallygrading the MoSi2 with
other materialsto increase its resistanceto thermal stress.
Consequently,the near-termgoal of Task 3 is to ir_vestigatethe
possibilityof using the CCF processwith MoSiz. One advantageof
the CCF process is the abilityto produce graded ceramics.

During this quarter,work on the MoSiR electrodewas initiatedby
obtainingcommercial,high purity MoSt2 powder. A preliminary
samplewas preparedwith the CCF binder, and the samplewas
debinderedusing the standardproceduresused for alumina. The
material browned (debindered)withoutpowder oxidation. This is
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important,since there was some concernthat the pure MoSi2 powder
would readilyoxidize at the temperaturesused in the browning
cycles. However,the samplesdid not sinter when fired at 1,600 "C
for 2 hours (the standardcycle used for alumina).

Relativelylittle literatureexists on the pressurelesssinteringof
MoSi2'-mostof this literatureconcentrateson hot pressingMoSi in
reducing environments. Consequently,the first task undertakenwas
to identifypotentialsinteringaids that could.be used to increase
the density of MoSi2. Siliconcarbide (SIC) sintering aid
literaturewas reviewed to see if sinteringaids used in S_C could
be used in MoSi2. Since commercialMoSi2 produced by Kanthalhas up
to 20 volume percentglass phase mixed with the MoSi2, fused silica
was added to the MoSi2 to see if fused sillca would act as a
sinteringaid.

Initialattemptsto sinter MoSi2mixed with silica were unsuccessful

when fired in air; therefore,work,was conducte_lsinteringMoSi2 in
an argon atmosphere. Firing the samples in argon was suggestedby
personnelat Los Alamos NationalLaboratory,who noted that MoSi2
fired to good densitiesin argon between 1,750 to 1,850 'C but would
not densify in the presence of oxygen.

An Astro furnacewas rebuiltto fire the MoSi2 in argon at
approximately1,800 °C. The first samplesfired, disks pressedwith
the CCF material,resulted in reasonablycompetentpieces. Since
the materialswere fired on graphite,the MoSi2 reactedwith the
graphiteand formedSiC. During later firings, the MoSi2 was placed
on SiC grit so the green SiC surfacelayer would not form.

Powder x-ray diffractiontraces were run on samples of the pressed
MoSi2 fired in the Astro furnace. The most prominent phase
identifiedwas MoSi2 and some secondaryphases were tentatively
identified" SiC and MosSi3. Comparingthese samples to other MoSi2
samples made using the normal CCF material,the amount of th_
secondaryphases increaseswith increasingbinder content. This
change of phases is graphicallydemonstratedin Figure 12. The top
graphic in this figure is the x-ray diffractionpattern of
c_mmercialMoSi2;this pattern indicatesthe commercialmaterial is
basicallypure MoSi2 (the glass phase will not appear on x-ray
diffractionpatterns).

lt appearsthat a consequenceof excess organic bindersmixed with
MoSi2 is the formationof SiC and MosSi3. A possible reaction is:

5MoSiz + 7C == 7SiC + MosSi3
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FIGURE 12 -- COMPUTER RECREATED X-RAY DIFFRACTION DATA

Three dopantshave been used successfullyto densifyMoSi2, dry
pressed pellets,TiO_,Mn02, and B203. A 0.6 weight percent dopant
concentrationin MoSt2 pelletshaving 14.4 weight percent silica
allows sufficientdensificationat 1,800 C with a 2'hour hold time
for self-supportingoxidation_esistancewhen exposed to air at '
1,400 °C. One liwnitingfactor in achievinggreater densities

appearsto be an excessiveweight loss during sintering, up to
20 weight percentmore than expected.

Sintered pelletswere tested for oxidationresistanceas follows;
pelletswere heated in air at 200 °C/hr to 1,400 °C and held for
2 hours. Each of the three 14.4 weight percent silica/dopeopellets
produced an outer glass coatingduring the oxidationtest. Samples
not containingdopants or samplescontainingless than 14.4 weight
percent silicaoxidizedto a powder during thr 1,400 "C test.
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All sample pelletssintered in the Astro furnacewere electrically
conductive. After the 1,400 °C oxidationtest, the doped samples
all had a high electricalresistancewhen measuredon the sample
exterior but had a low resistanceonce the glass was removed.

As a possible alternativeto the silica doped samples,zircon doped
MoSi2 sampleswere formulated. Several possible advantagesfor
dopingwith zircon insteadof silica may exlst, assumingzircon will
form a protectivelayer for the MoSi2. These possibleadvantages
include" increasedmaximum operationtemperature,increasedcreep
resistance,and toughening. Samplescontaining 10 weight percent
zircon,withoutsinteringaids, achieved adequatedensity to
withstandthe 1,400 °C oxidationtest; however,these samplesdid
not have an apparent silicaglass coating on the surface. The three
previousmentionedsinteringaids, B_03,TiO_, and MnO:, did not
improvethe oxidationresistanceof _1oSi_,h_aving19.Cweight
percentzircon. Samplescontaining Ig.4"weightpercent zircon,both
doped and undoped,exhibitedalmost a two-foldvolume increase
during the oxidationtest, and the'samples had a weight loss of
nearly 30 weight percent.

3.3.3 Subtask 3C-- High Stress ComponentFabrication

Task 3 will concentrateon developing a high stress,alumina armor
componentreinforcedwith a variety of additives. During the first
part of this quarter,preliminarywork on additiveadditionsfor
aluminawas done. Siliconcarbide (SIC) additionswere investigated
at the end of the _arter.

The two primarygoals of the SiC/aluminasystem investigationare to
determinethe aluminasystem used to form the SiC compositeand,
second,to establisha data base that can be used to establishthe
impactof adding SiC whiskers to alumina using the CCF process.

The primaryproblem associatedwith adding SiC whiskers to alumina
is that whiskers impede the densification. This problem is
unrelatedto the CCF processbut arises using other systemsthat
requiresinteringto achievedensification. If=the sintering
temperatureis increasedto achievegreater density, the SiC
whiskers degradeor react with alumina. The usual solutionto this
problem is to hot press or hot isostaticallypress the alumina
material. Unfortunately,this is an expensiveprocess and is not
applicableto mass productionof economicalparts.

Another techniqueothers have used is to add sinteringaids to the
alumina,thereby,reducingthe sinteringtemperature. The primary
sinteringaid techniqueis to add liquid phas_ sinteringaids.
Using this technique,15 volume percentof SiC whiskersmay be
added, and reasonabledensitiescan be achieved (greaterthan
85 percent theoretical)by firing at a high temperaturein argon.
Anothertechnique is to use a more reactive alumina,one that
sinters around 1,200 °C so the material will still sinter with the
addition of SiC whiskers at an increasedtemperature.
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The first approachwill leave a glassy phase in the grain boundaries
and may lower the impact resistanceof the alumina for armor
applications. The secondmethod is more difficult to achieve, since
the processused to increasethe alumina's activity is not yet
commerciallydeveloped.

During this quarter,personnelexplored the use of other sintering
aids to lower the sinteringtemperatureof alumina. The three aids

selectedwere Ti02, F%04, and MnO2. These three aids, accordingto
the literature,increasethe number of vacancies in the alumina,
which increasesthe oxygen mobility and consequentlythe sintering
rate. Ideally,these compositionswill not form a liquid phase nor
will the aids concentratein the grain boundaries.

Seven differentcompositionsof aluminamixed with different
sinteringaids were evaluated. In all cases, 2 weight percentof
the aids was added to the alumina. Three of the compositionswere
the pure aid mixed with the alumina, three more of the compositions
had uniformmixtures of two aids (50 percent_each), and the final
compositionhad a uniformmixture (33 percent each) of the three
aids. The mixture compositionsare shown in Figure 13.

TiO2

' 90 /_I0,/ \

/ .o/
-.9_' so_ /)', 50 ,.\

lvln02 • v v v v, v v _ v _ ge_ 04,
10 20 30 40 50 BO 70 BO 90

Fe_04

FIGURE 13 -o MAP OF THE DOPANTS USED TO LOWER THE SINTERING TEMPERATURE
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Three criteriawere used to evaluate the effect of the sintering
aids: density,microstructure,and hardness. All of the samples
were fired at 1,200,1,250, 1,300, 1,350 and !,640 °C. All samples
were held at the firing temperaturefor 2 hours. The sampleswere
evaluatedafter firing. Densitymeasurementswere taken on all
samples,while the microstructureand hardnessmeasurementswere
taken on samplesfired to 1,300 °C.

These propertymeasurementsare graphicallyshown on ternaryplots.
The propertymeasurementsare overlaidon the diagramwhere the
chemical compositionwould occur on that diagram. These diagrams,
Figures 14 throUgh 17, show the density of the 'even compositionsat
both 1,200 and 1,300 °C; the hardnessof 1,300 °C samples; and an
indicationof the microstructureof the seven samples.

Since the goal of the dopant studiesis to achievedensity at the
lowest possibletemperaturewithout compromisingthe ceramic
materials; three of the dopant combinationsmay be excluded after
viewing Figures14 and 15. The densitiesof the lower part of the
diagram are not adequate. Therefore,the pure Mn02, the MnO2-Fe304,
and the pure Fe304materialsare discardedbased on density
considerations.

IrlFigure 17, the microstructureof the TiO2-Fe304sample is
decidedly inferierto the three remainingmaterials, since
10 percentof the total grains have an exaggeratedgrain growth.
Long grains,with a 3 to 4 aspect ratio and straight sides, are
consideredexaggerated.Exaggerated grain growth often indicates
the presenceof a liquid phase during sintering. If this liquid
phase stays at the grain boundaries,the mechanical propertiesof
the ceramicwill be compromised.

The best microstructureis the TiO2 doped material, since it has the
smallestgrain size and none of the grains are exaggerated.
Likewise,the next best microstructureis that of the tridoped
material,which also has no exaggeratedgrains but a sightlylarger
uniformgrain size of 10 microns.

Figure 16 shows the diamondpyramid hardnessof the alumina
material, lt can be seen that the tridopedmaterial and the
TiO2-MnO2 material have the best hardness. Since the goal of the
current program is to choose a dopant chemistrythat functionsweil,
but is not necessarilyoptimized,the tridopedmaterial was selected
as thematerial for furtherstudy. The final selection is based on
the slightlybettermicrostructureof the tridoped material compared
to the TiO2-MnO2 system,which has similarproperties.

Toward the end of quarter,CBSi obtainedan alumina powder (most
likely ReynoldsRC-HP alumina) containing20 weight percentTateho
SiC whiskers. The main objectiveof the experimentswas to
determine if near theoreticaldensificationof the body occurs
during sintering. Concerns includethe abilityto remove the
residual carbonduring sintering,the extent of shrinkageresistance
createdby the whiskers,and whether the SiC whiskers are inert and
retaintheir physicalproperties.
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FIGURE 14 -- DENSITIES OF THE SEVEN SAMPLES FIRED AT 1,200 °C
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FIGURE 15 -- DENS;TiES OF THE SEVEN SAMPLES FIRED AT 1,3OO °C
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FIGURE 16 --HARDNESS OF THE FOUR SAMPLES WIT H THE BEST DENSITIES AT 1,300 °C
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FIGURE 17 -- MICROSTRUCTURE OF THE DOPED ALUMINA SAMPLES
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A graphite heatingelementfurnace (4.5-in.diameterAstro furnace)
was used to fire the samples. Since the alumina powder is already
blendedwith 20 weight percent SiC whiskers,dopants and diluting
amounts of uncompoundedaluminawere added to complete the sample
series. Table 4 shows the density results for sampleswithout
sinteringaids and with I weight percenttridope (% Fe203,_ TiOz,
Mn02) added. From the results, sinteringthe whisker-containing

sampleswas not adequate;only 60 percent of the theoreticaldensity
was achievedfor the 10 weight percentwhisker samples,doped or
undoped.

TABLE 4 -- CHARACTERIZATION OF SlC WHISKER REINFORCED ALUMINA PRESSED PELLET SAMPLES

-- _ ,_,,.,, /, , _., ; ..... , ', , ' ,, ,.

CERAMIC WEIGHT PERCENT SiC WHISKERS

., .,. ,,, , ,,

O 10 20

Alumina

Density (percent theoretical) 94.0 60.O --
DiamstricShrinkage (percent) 16.9 7,0 3.0
ThicknessShrinkage (percent) 16.12 15.4 4.8
Weight Loss (percent) 4.47 15.0 22,3

,, , ,,, , , , , , ,, ,,,, . ,,

Tridoped (1percent) Alumina
Density (percenttheoreticaI) -- 58.0 --
DiametricShrinkage (percent) 6.4 ....
ThicknessShrinkage(percent) 9,6 ....
WeightLoss (percent) 15.4 -- --

," ,, , ,,, _ ....,

Furthermore,weight loss in excess of the expected 5 weight percent
was observed. Figure 18 shows a plot of shrinkage and weight loss
for the undopedsamples. X-ray data indicatesthe SiC whiskers
disappearduring sintering. The diffractiontrace for this sample
shows primarilyalpha aluminawith only two unidentifiedpeaks.
These peaks do not appear to correspondto possible phases listed in
the powder diffractionfile for SiC and aluminosilicates.

4.0 PLANNEDACTIVITIES

4.1 TASK I -- CERAMICCOMPONENTDESIGN AND ANALYSIS

4.I.I Subtask IA -- MHD ElectrodeDesi{I.nand Analysis

This task is approximately95 percent complete,and the remaining
work is refiningthe design based on experimentsto be completedby
CBSi. lt is necessaryto establishthe achievabledensities in pure
and graded MoS'_ Some strength informationwill also be generated
by ATL, and it1_ill be used for the final design refinements. These
results are expectedto be generatedduring the next quarter,with
the design being finalizedin the subsequentquarter.

-36-



1800 C. 2 hour hold. in ar_n24
23
22
21
2O
19
18
17
16

v 14

12

10
9
8
7
6
5
4
3
2

0 2 4 6 8 . 10 12 14 16 IB 20

wekaht porcm_t _ (_LX)

(3 cia. mrinko_ Z + hei_t _vlnkoge Z O wk,_t Io_ 2:

FIGURE 18 -- AI=O= COMPACTS CONTAINING SiC WHISKERS

4.1.2 Subtask 1B -- High Stress Component Design and Analysis

With the recent decision to emphasize low cost fabrication and the
subsequentchange from whisker reinforcementto particulate
reinforcement,modeling and analysis activity is not expected in
this subtaskduring the next quarter.

4.2 TASK2 -- EXPLORATORYDEVELOPMENTUSINGTHE CCF PROCESS

4.2.1 Subtask 2A -- CharBcterization of Starting Materials

4.2.1.1 Subtask 2A-1 -- Ceramic Process Control Studies

Ceramic process control studies will be completed, and
process optimization procedures will be tested and
implemented wherever practicable. Lightweight plates made
from CCF fibers will be fabricated and employed to minimize
the furnaceheat balanceproblemdiscussed in
Section3.2.1.1.3.
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An optimum (or more optimum) temperature-timeprofile for
the furnacebased on the lower mass CCF fiber plates will
be established. The optimizationcriteria are maximum
sintereddensity and minimum grain size (preferably
I to 3 microns). This improvedprofile should provide
higher flexurestrengthsfor the CCF processedalumina
ceramic.

Debindering(browning)scheduleswill be studied to improve
the machiningcharacteristics(sawing,drilling,and
turning)since each operationseems to require a different
degree of curing.

4.2.2 Subtask 2B --Mechanical Test Methods

4.2.2.1 Subtask 2B-1 -- Flexural Testing to MIL-STD-]942

Results of the 1,000 "C MORbar tests at the University of
Utah will be obtained and analyzed. Further testing of
monolithic CCFprocess specimens will be performed as
required to evaluate process control measures. Decisions
will be made on whether to use in-house bars, MIL-STD-]942B
bars, or both for process control experiment evaluations.

4.2.2.2 Subtask 2B-2 -- Short Rod Fracture Toughness Testing

Samples will be fabricated for preliminary short rod
fracture toughness specimens. Some testing will be
initiated during the next quarter.

4.2.2.3 Subtask 2B-3 -- Fracture Testing of _oints

Samples will be fabricated for joint fracture evaluation
and preliminary testing will be initiated in the next
quarter.

4.2.2.4 Subtask 2B-4 -- Diametral Compression Test

Some samples will be fabricated for diametral compression
testing in the next quarter.

4.2.3 Subtask2C -- Developmentof Ceramic Specimens for Laminatea
Testing

LaminatedMOR test bars will be fabricatedand tested in both the
width-heightand length-heightorientations. Resultswill be
comparedwith monolithicand width-lengthalignmentsduring the next
quarter.
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4.2.4 Subtask 2D-- Ceramic Matrix CompositesUsinq the CCF Process

Because economicalSiC whiskers are unlikely,efforts will now be
concentratedon particulateSiC reinforcement. CBSi is currently
workingon the compositionto be selected;and when this is
accomplished,ATL will begin generatingdensity, flexurestrength,
microstructure,and relateddata.

4.3 TASK 3 -- CERAMICFABRICATIONAND MANUFACTURXNG

4.3.1 Subtask3A -- Solid Oxide Fuel Cell

No work is plannedon this projectduring the next quarter.

4.3.2 Subtask3B -- MHD ElectrodeFabrication

The projectgoal, as definedat the end of this quarter, is to
producea MoSiz structurewith a seven layer, chemicallygraded
structure. Each layer is I, to 2-mm thick with a chemical

compositionranging from 85 to 100 percent MoSiz;the balanceis
silica or doped silica. The top and bottom layers are pure MoSiz;
the second and sixth layers contain5 volume percent silica;the
third and fifth layers 10 volume percent silica; and the final
(center)layer has B5 percentMoSiz with 15 volume percent silica.

The emphasisnext quarterwill be to choose a standard MoSi2/silica/
dopant/bindercompositionand begin fabricatingI- to 2-mm thick
layers using the tape caster,modified screen printer, and forming
rolls. These sheetswill then be pressed together, browned,and
fired. Characterizationwill includedensity, microstructure,and
phase analysis.

4.3.3 Subtask3C -- High Stress ComponentFabrication

The three primarygoals of this task are: I) finish characterizing
the aluminapowder mixed with SiC whiskers; 2);develop the
requisitefabricationtechnologyto manufacture large ceramicpieces
(at least 4 inches by 4 inchesby _ inch to 5 inches by 6 inchesby
I inch); and 3) investigateparticulateSiC additionsto alumina
because of potentialfor lower cost fabrication. Other alternatives
may be possible.
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5.0 TECHNICALSUMMARY

5.1 TASK1 -- CERAMICCOHPONENTDESIGNANDANALYSIS

In Subtask IA, a model electrodeto be fabricatedfrom layers of MoSiz
graded with quartz glass additionsup to 15 percent has been designed.
This will demonstratethe applicabilityof the CCF process to a nonoxide
material and also the abilityof the processto readily fabricategraded
structures. The electrode,designed around parametersreported in the
precedingquarterlyreport,has been modeled and, through finite element
analysis,has been shown to be capableof withstandingthe steady-stateand
transientthermal stressesassociatedwith generatoroperation. Joule
heatingwas calculatedand shown to be negligiblecompared to the heat flux
of combustionorigin.

Subtask IB called for a high stress componentdesign. A ceramic armor
applicationwas chosen based on the Al203-SiCsystem. This componentwill
be modeled once the final composition,its structure,and approximate
mechanicalpropertiesare determined.

5.2 TASK 2 -- EXPLORATORYDEVELOPMENTUSING THE CCF PROCESS

Some satisfactoryflexurestrengthdata (MIL-STD-Ig42)has been obtainedat
room temperature. High temperature(1,000 'C) data is being obtainedfrom
an outside vendor. The CCF process is being reexaminedusing a set of
matrix experimentsto determinethe most importantvariables involvedwith
producingsatisfactoryspecimens. The bonded region in a laminatedsample
was examined using scanningelectronmicroscopy,and the
indistinguishabilityof the bond line was verified.

5.3 TASK3 -- CERAMICFABRICATIONANDMANUFACTURING

5.3.1 Subtask 3A -- Solid Oxide Fuel Cell

This effort was terminatedearly in the quarter after it became
apparentthat considerablework would be needed;tosolve the shape
control and integrityproblemsencounteredwhen integrationof
electrode stackswas attempted.

5.3.2 Subtask 3B -- MHD ElectrodeFabrication

Initialwork on the MoSi2 electrodefabrication,a nonoxide
applicationof the CCF process,was reasonablysuccessfulbut showed
the need for furtherwork. This is proceeding.
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5,3.3 Subtask 3C -- High Stress ComponentFabrication

This task has been determined to be of the greatest importance, and
effort will be concentratedon it. Initially,SiC whiskers were
employed as a reinforcementto alumina,but since low cost
fabricationwas the goal, whisker incorporationwill not be pursued,
Since pressurelesssinteringis employed, developmentof sintering
aids was seen as the first step. This has been successful,
resultingin selectionof the triple dopant TiO2-F%O4-MnO2.
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APPENDIXA -- Project Schedule
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