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INTRODUCTION

Researchfunded by theU. S. Departmentof Energyoffice of Basic Energy Sciences,

undergrant# DE-FG02-85ER45205entitled"SofteningMechanismsandMicrostructural

InstabilitiesDuringHigh Temperature,Low Cycle Fatigueof Ni, Ni3AI andtheir Metal

MatrixComposites"was renewedin 1991underthe tide "HighTemperatureStability,

InterfaceBonding,andMechanicalBehaviorin NiAI andNi3A1MatrixCompositeswith

ReinforcementsModified byIon Beam EnhancedDeposition", for the three-yearperiod

beginningJune 1,1991. The following report summarizesactivity and progressmade

duringthe secondyearunderthelattertitle.

Progress Summary: June 1, 1992 - May 31, 1993

MODIFICATIONOFREINFORCEMENTSFORALUMINIDEMATRIXCOMPOSITES
..

Experimental Work Completed

Fiber Coatings. Initialstudyof diffusionbondedcomposites using Sumitomo, FP

andPRD-166 fibersin a pureniobium(Tm = 2468 oC) matrixhas been undertakento

evaluatethe potentialfor niobiumto actas a ductile compliant-layer. Thisdatawill help

separateresidualradialcompressioneffects fromchemical bondingand roughnesseffects

on the interfacialshearstrength,and help clarifypreviousresults using Ni+AIreactive-

binarycoatings. Initialinterfacialshearstrengthmeasurementson Nb-coated

polycrystaUinefibers areunderway.

Tensile Strength of Coated Fibers. The stressstate of sputter-depositedfilms on

ceramicfibers affects theirtensile strength: coatedand uncoatedFr' fibershave been tested

in a UTS load frameat .135 mm/s, andfoundto have strengthandYoung's modulus
values of 1.31 GPa and 240 GPafor uncoatedFP fibers;and 1.47 GPA and 168 GPafor

IBED processedFP fibers. Therefore,the coating slightlyincreases tensilestrength

(presumablyby alteringsurfaceflaw geometries),andhas an approximatervle-of-mixtures
effect on the elastic modulus.

We have also observed the presenceof matrix-grain-boundaryimprintson otherwise

smoothfiber surfacesafterdiffusionbondingcycles (the fibers having beenremoved

electrolyticallyfrom as-bondedmatrices)whichsuggests that the as-consolidatedtensile

strengthsare will also be sensitive to processingconditions. The lattereffects may be

mitigatedby thepresenceof anadherentductile coating,formingthe innermostfilm of a

multilayer,as discussed furtherbelow.
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Interfacial Shear Strength Measurements. Push-Out Tests on Sumitomo and FP

Fibersinnickelalumim'dematriceshavebeenrepeatedtoclarifyearliermeasuren_nts

showing large increases in ISS associaw.zlwith the Ni+Al bi-metallization. The general

trend of the previous work has been confn'med, but the true magnitude of the effect has

been shown to be more modest than suggested by the early data. For uncoated FP fibers in

NiAI, the average interfacial shear strength was measured at 42 + 15 MPa, whereas for an

NiA1 matrix with the FIll modified fibers, having a 200nra oxide 'layer,a 1 _m Al layer,

and a 0.66 SJ,rnNi layer, this value rose to 75 + 20 MPa. NiAI with the FP#3 modification

(150nraoxidelayer,Imm layerAl,.66mm Ni)hadanaverageinterfacialshearstrength

of68+ 18MPa. Some confn'mationofourhypothesis,thatsurfaceroughnessislargely

responsible for the observed difference, comes from measurements on I0 Ian diameter

Sumitomo ALIEX fibers, which are significantly smoother than the FP material. The
smoothALTEX fibersshowedISSlevelsof22:t:17MPa. The substantialscatterinthis

dam ispartlyduetononuniformspecimenthickness,andisnotunusualintheavailable

push-outtechniques.Fibersurfacerougheningexperimentshavebeenbegun,to
sysmmaticallyassestheeffectoffiberroughnesson thefiber-man'ixadhesion.Uniform

roughnesswasobservedinanSEM investigationofSumitomofibersgivenseveral

minutesexposureto boilingphosphoricacid.Thistechniquehasthusbe._nfoundtobe

usefulforproducinguniform,butvariable,surfaceroughnessforassessmentofthe

contributionofthisparametertotheoverallISSlevel.

ContactLithography.Alignmentoffibersincompositetensilespecimenswithin

channelspre-etchedbycontactlithography,hasbeensuccessfullyusedtolessenbreakage

ofthelargerdiameterSAPHIKON fibersduringdiffusionbonding.

ThermalCyclingofNiAI-Al203andNi3AI-AI203Composites. Diffusionbonded

NiAI-Al203andNi3AI-AI203compositeswerethermallyfatiguedatatemperatureof900

oC for1500and3500cycles(withasoaktimeof8 minutes)inair.Specimenswithfiber-

ends exposed to the atmosphere, and with fiber-ends imbedded within the matrix, were

cycled to assess the importance of pipe-diffusion routes in catastrophic oxidation

phenomena. "lhc obj_t of the experiment was to determine the effects of interfacial wear

and fast-diffusionpaths along the fiber-roan'ixinterface during thermal expansion of the

two materials, and to assess the degree to which these processes could affect interfacial

shearstrength.InitialSEM investigationsofexposed-endspecimensbrokenintension

indicate that the fiber-matrix interface has weakened after 3500 cycles for the SAPHIKON

fibers. The ALTEX,PRD- 166 and PP fibers showed little, if any, degradation. Evaluation

of the imbedded fiber experiments is currently in progress. Further studies are planned for



higher temperature cycling, and construction of a furnace for 1300 oc operation is under
A

way.

Particulate. Coatings. In our most recent work we have evaporated A1203 directly from

a pure oxide rod onto acoustically levitated silicon carbide particles using a specially

constructed down-ruing, rod-fed electron beam hearth. The films had very high intrinsic

tensile stresses and poor adhesion properties,but reasonably good stoichiometry. Coatings

with superior properties were subsequently produced using concurrent inadiation of the

growing films with a 200 eV argon ion-assist beam at various ion/atom arrival ratios

ranging between 0.1 and 0.5. Using these IAD methods, we have achieved high

deposition rates, excellent adhesion, and significantly redtr,ed intrinsic stress levels in these

fdms. The assist-beam gun was also used to sputter-clean the substrate particles prior to

application of the deposition flux. A sketch of a typical experimental setup is shown in

Figure 1.
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Figure1. Schematicof IonBeamAssistedDepositionsetupforcoatingof particles
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The magnitude of the intrinsic stress in the films was inferred from measurement of

planar film stresses by determineing the change of curvature of _ 25 mm diameter (1_n0)

silicon single-crystal wafer, situated adjacent to the charge canister during the deposition

run, according to:

E h2w
(_ _--_ =.--.==...,_=-.,=_.

3 (1 - v) x2t

whereE/MI-v)forSiis7.2xi011Pa,h is_e waferthickness,w isthechangein

curvatureofthewafer,x isthelengthofthetraceofthecurvature,andtisthefilm

thickness.Figure2,belowshowsmeasuredmsidu,dstressv'aluesplottedasa functionof

ion/atomarrivaltatio.
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Figure 2. Residualstressin MPameasuredon (100)siliconsurveillancespecimensas a functionof
Ion/AtomArrivalRatio(I/Aratio)duringdepositionfroman e-beamheatedoxiderodsource.

Significantly, the assist beam produced adherent films with reduced tensile stress

levels. (Tensile stress on unassisted depositions caused film dclamination and was

therefore unmeasurably high.) However, the sought-after compressive residual stress has

not yet been achieved, probably due to a combination of extrinsic stress contributions (due

to differential thermal contraction from the deposition temperature) and an insufficiendy

high ion/atom arrival ratio. Since deposition rates were adequate for the maximum I/A ratio

of 0.5, there appears to be ample room to increase the assist beam flux in future

experiments.
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Performance of the Diffusion Barriers.

Ion beam assisted depositions which produced 11 pm thick films on planar surveillance

specimens gave film thicknesses on 60 pm diameter SiC powders of approximately 0.2

gm. The films were found to have a composition of approximately A137063 and were

amorphous and electrically insulating in the as-deposited state. Annealing at 900 °(2 for 0.5

h. at 5x10 -6 Torr produced unambiguous X-ray diffraction evidence of crystalline y-

alumina. Films on planar silicon substrates showed a columnar microstructure and were

probably not fully dense. The latter result may be related to the relatively low substrate

temperature used during deposition, inhibiting crystalline phase nucleation and

interdiffusion. SEM observation of films on SiC particles revealed surface defects which

have been tentatively associated with mutual-particle-impingement during deposition.
'1

In diffusion bonding experiments with boron-doped Ni3AI matrices subjected to

compressive bonding at 40 MPa at 1100 oC for 1 br, metallographic analysis showed that

the diffusion barriers failed to prevent catastrophic particle-matrix reaction, probably as a

result of film fracture during the initial stages of the diffusion bonding process, which can

impose very high deviatoric stresses on the particles. In subsequent tests, the SiC particles

inthediffusioncoupleweremixedwithNi3AIalloypowderstomake thestressstate

aroundtheparticlesmorehydrostatic,butwithsimilarnegativeresults.

Basedonourobservationswe donotbelievethatthediffusionbarriersfailuresaredue

toinsufficientfilmthickness,butareratheraresultofinadequatefilmqualityrelatedto

tensilestress-stateanddefectssuchasporosityandfilmcracking.The deposition

techniqueappearspromising,butproductionofhermeticfilmsonsmallparticleswith

highlyirregularsurfaceshasturnedouttobemoredifficultthanoriginallyanticipated.

Clearly,furtherrefinementoftheprocesswillbereqldredbeforecompetentdiffusion

barrierscanberealized.We arecurrentlyexperimentingwithAIN coatings,reactively

producedbybothreactiveevaporation(atPN2--0.1mTorr),andbyN + ionenhanced

depositionfromametallicfeedstocktothedown-fninge-Gun.

NegligibleAIN was foundtoformforsimpleAl-metalevaporationatPN2~ 10-5Torr.

Filmsmade withPN2~2xl0"5Torr,withconcurrentirradiationby N +ionssuppliedat

250cV atanion/atomarrivalratioof0.5,arecurrentlybeinganalyzed.However,aplanar

AIN film,0.6pm thick,onamonolithicSiCsubstrateshowedminimalreactionand

interdiffusioninadiffusion-bondingtestat1200oC. AIN haslow-reactivitywithSiCand

NiAI,similartothatofA1203,buthasamuch lowerthermalexpansioncoefficient(below,

ratherthanabovethatofSiC)andwillthusproduceextrinsicstressesofoppositesign

relative to the oxide. The oxide and the nitride thus form a good matrix for study of the

coating-expansion-coefficient effects on ISS and fiber strength levels.



We currentlyexperimentingwitha prototypelevitationsystemwhichusesatubular

quartzbeam,fedthroughthechamberwall,whichactsasanarticulatedmember totransmit

acousticalenergytothelevitationfixture.Inthisway,we willbeabletoradiantlyheatthe

levitatedpowdersduringdepositiontotemperatureslimitedonlybythesofteningpointof

thequartzfixturecomponents.A prototypedevicemade fromPyrexhasperformedwell

andwe anticipatereachingI000-1100K withtheset-upfabricatedfromquartz.We expect

thatdepositionsattemperaturesaboveTta/2forthedepositspe._eswillleadtofilmsof

sufficientqualitytofunctionwellasdiffusionbarriers.

LaboratoryDevelopmentRelatedtotheProject

DevelopmentofE_erimentalApparatus. A 3-kW rod-fedelectronbeam heated

evaporationsourcehasalsobeeninstalledandbroughtintooperationusingbothmetallic

anddielectricfeedstocks.The gunisofspecial30-degrccs-down-f'n'ingdesignforcoating

levitatedparticulates.Becauseofthis,themelt-pooldynamicsaresomewhatdifferentthan

normallyencountered,andoptimumbeamconditionshavehadtobeestablishedforeach

feedmaterialbyexperiment.

A cyclic-oxidation/themaal-fatigue furnace, operable to 1050 °(2 and having a forced-air

coolingchamberwithanautomatedtransferdeviceforcyclingbetweenhighandlow

temperaturezones,hasbeenbroughtintooperation.Thermalfatiguestudiescannow be

performedinair,andthefurnacecanbeusedforisothermalstudiesoftheeffectivenessof

diffusionbarriercoatingsdepositedon reactivematerialssuchassiliconcarbide.

Modificationsforoperationto1200-1300oCareunderway.

Custom-madegripcomponentshavebeendesignedfortheMTS 810/Centon"material

testingsystemtoallowtestingofsmallbutton-headcompositespecimenshavingNiAland

Ni3AI sheet matrices with various experimentally nxxtified fiber reinforcements. The

improvement will allow determination interfacial shear strength at service temperature by

measuring the length distributions for fibers fractured during monotonic tensile

deformation. A prototypesetof inserts has been fabricated from Inconel which, if

successful, will be executed in TZ-molybdenum or tungsten for use to 1400 oC.

An Orton PN 10017 Automatic Recording Dilatometer with a temperature range of 0 -

1000 C has been acquired (by donation from Ford Motor Co.), installed and calibrated.

Initial thermal expansion measurements have been perfomaed on both _NiA1 and T"Ni3AI

bulk specimens. Dilatometry measurements allow a direct and independent analyses of the

fiber stress and matrix stress due to differences in thermal expansion as a function of

temperature.
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Acquisition of Materials. A quantity of SAPHIKONSingle crystal A1203 (150gm

and 75pxn cLiamcter)and Sumitomo ALTEX(10gin diameter) A1203 + SiO2 fibers have

been acquired. The latterhave extremely fine grain size (50 nm) and excellent creep

resistance at composite processing temperatures of 1400 o(2. In addition, a quantity of

DuPont PR/)-166, 20 I_n diameter, A1203 + ZrO2, with surface roughness on the order

of the .Sl.un grain size, has also been obtained.

The small diameter of the Sumitomo fibers allows easy room temperature determination

of the interfacial shear strength (using the ITS fiber-pushout apparatus) while also allowing

easy modification of the coating-fiber thickness ratio, providing needed confirmation of

predictions made by compliant layer theory. The smoothness of these fibers minimizes the

surface roughness effects on the interfacial shear strength, thus simplifying the

interpretation of the data. The SAPI-RKONfibers, on the other hand, will provide a realistic

example of what is currently being pursued in the metalmatrix composite community.

Because of the single crystal nature of the SAPHIKON fiber, it provides a model system for

determination of interfacial chemical reactions and surface roughness parameters.

Additionally, the large diameter of the fiber allows fabrication of diffusion bonded couples

with a larger volume fraction of reinforcement (--5%). Thus rules of mixtures for various

properties can begin to be applied in analysis of mechanical properties measurements.
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