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INTRODUCTION i

ResearchfundedbytheU.S._t ofEnergy.officeofBasicEnergySciences,undergrant#DE-

FG02-85ER45205 entitled "SofteningMechanismsand Microstructural Instabilities During High Temperature, Low

Cycle Fatigue of Ni, Ni3AI and their Metal Matrix Composites", was begun under professor Gunter Gottstein in

1985. The initial 3-year grant was renewed in 1988. In connection with the departure of Gottstein from MSU in

1989, professor D. S. Grummon was added as a to.principal investigatorand assumed day-to-day responsibility for

the project. In 1991, following peerreview, the grant was renewed under the new title "High TemperatureS'tability,

Interface,Bonding, andMechanicalBehaviorin NiAIand Ni3AIMatrixCompositeswith ReinforcementsModifieJ

by Ion Beam EnhancedDeposition', for the three-y_r pe_od beginningJune 1, 1991, underthedirection of

professorGrummonacting as a single investigator. The following progress reportsummarizesactivity andprogress

made during the fast yearof the newproject.

Progress Summary: June 1, 1991 . May 31, 1992

MODIFICATIONOFREINFORCF2tfF2qI_FORALIJMINIDEMATRIXCOMPOSITES

Development of F_.xper/menta/Apparatus. Modif'w.afionof our high-vacuumfilm depositionsystem to

allow for ion be.mnassistedion sputterdepo_tion and ion assisted vapordepositionhave beencompleted. In

additionto the 3-cre Kaufr,tangtm installedfor use as an ion sputteringexciter,a second ion gun(an Anatech5-cm

sourcedesignedforaccelerationof reactivespecies) hasbeen installed. A custom-designed3-kWrod-fedelectron

beamheatedevaporation.¢g3taeehas also beenacquiredfor usewith the 5-cm source in ion-assistedphysicalvapor

depositionexperiments. The relativelyhigh ineartgas throughputsrequiredforoperationof the ion sources,and the

stringentvacuum requirementsof theelectronbeam source,havenecessitateda significant increase in pumping

speed. This has been accomplishedflgough fig addition of anAPD8-S cryopump,specially deaignedforhighargon

_as throughput.Additionalequipmentof utility to the projecthas beenacquired,namely a particlesurfacearea

measurementsystem, anda hightemwxelme dilatometer,bothdonatedto the Pl's labby Ford MotorCompany. A

simple themmlcycling device hasbeen cocatmctedwhich will be refinedandpartiallyautoma_ for future

expedments.

Initial trialsandcalibrationof a Dow InterfacialTesting Machineforsingle-fiberpushoutmeasurementsof

intexfaeialshearstrength0S$) havebeencompleted,and earlyresults havebeen presented, lt has beenconcludedthat

this machine is adequatefor testingof ISS levels in composites withthe relativelythin (20 pm) FP-aluminafibers,

but may not be able to achieve mWgimt _ force to debondlargerSAPHILfibers. Furtherdevelopmentof this

technique,in additionto expurimentationwith 3-pointbend testmethodsfor ISS estimationat elevated temperature,

will be required.

_ures for in-house hot isostatic pressingof composite specimenshave beendevised whichwill use

thin-wall stainless-steel tubes sealedafterevacuation by a _'rimpingmethod. This simpfifiedapproachwill be

adequatefor productionof smallbutton-headspecimens suitablefor use in ourhigh-teanperatureMTSloadframe.
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With respectto the latter, we haveconductedsome initialexperiments in the productionof aluminadiffusionbarriersd

by reactivelysputteringA1203 onto planarsubstratesof theTZ-molybdenumalloy used in high-temperature

componentsof the MTSload frame. These films successfully inhibited diffusionbondingof gripcomponents and

will allow practicaltests to be performed,with hotgrips,at temperaturesabove 1400 °C. _

Acquisition of Materials. Several kilogramsof [3-nickelaluminidehave beenobtainedin both

monolithic form(a 3-inch hot extrudedbar)and es powders in both 80 and325 mesh particlesizes.. A spool of

DuPontFP-aluminafibers is on hand,as well asa small quantityof SAPHILsingle-crystalsapphire fiber. When
s

additionalSApHILfibers have beenacquired,sufficientmaterialsw_ beavailablefor'thenextfew year's

experimentation.Aluminiumand nickelsputteringtargetshave been fabricatedandtested.

Diffusion Bonding of Al203-[JNiAl Composites. In preparationfor a series of experiments with

surfacemodifw.dA1203 reinforceanentsin [SNiAI,we haveconducted a sexiesof diffusion bon_fingexperiments(using

as-suppliedFP fibers) to establishoptimump_g conditionsfor these materialswith regardto time,

temperatureand bonding stress. TableI, below, summarizesresults of the tests,in which an optimum protocalwas

establishedwhich calls for diffusionbonding wilh a stressof 15MPa at 1673Kfor4 hoursin vacuum.

II II iiii

TABLE I
i _ i

Run Temperature,K Stress, MPa Time, hrs. Results

1 1573 35 2 Overstressed:breakup,creep

2 1573 15 2 Incompletediffusionbonding

3 1623 15 4 Incompletediffusionbonding

4 1673 15 4 Good bonding

5 1673 9 4 Incomplete diffusionbonding

III III

SurfaceModification Experiments with A1203 Reactively
Sputtered

Fibers in _-NiAI. FP alumina fibers have been pre- f AhOs, 100rimk

pared with ion sputtered surface fdms having a lOOnm

thick alumina layer deposited by reactive ion beam as- _Ion Sputtered
_Aluminum,

sisteddeposition, to which were _lded discrete layersof _[ 1pm thick
ion sputtered pure aluminum, and and finally, pure ff
nickel. A schematic view of a typical modified fiber _'jlon Sputtered

P_ Nickel, 0.66 tlm
cross-section is shown in F_nUe' 1. These fibers were thick

compositedwith thin slabs of extruded[_-NiAIand hot-
',

pressedunderconditions similar to Run #4 in Table 1. Figure 1.



The SlX_ifiedNi:Al thicknessratioof 0.66:1 is suchas to producethe [_-alundnidestoichiometryupon reactionof

theelemental constituents.

Afterhot-pressh_g,thecomposite specimens weresubjectedto approximately70 thermalcycles between

315Kand 1000K, usingquartz-lampradiantheating(in air),and forced-aircooling. Thin sections of the of bothas-

pressedand0wamallycycledcomposites werepreparedwith alow-speed diamondsaw andfur0w_groundto

thicknesse_of approximately100 mm. Interfacialshearstrengthof the fiber-rnalrixinterfacewasdeterminedfor

modifiedandcontrol fibersusingan InterfacialTesting System OrS, developedby Dow ChemicalCo.). Tensile

strengthof controlandmodif'_l fibea_was _, and surfacemoaphologicalfeatureswexe studiedby scanning

electronmicroscopy of fibersexposedby electrolyticremovalof thesurroundingmatrixmaterial. Augerelectron

spectroscoplcscans we_ecarriedout to determinethe compositionof the composite systemin the vicinity of tt_e

fiber-matrixinterfaces,

Both control(uncoated)andmodifiedfibers showed veryhighISS levels inthe as-_ condition,before

thermalcycling, which were too high to bequantifiedwith the Dow ITS _ However,resultsof tests on

thermallycycledspechnensindicaeedthatroomtemperatmeinterfacialshearsl_ngthOSS)in FP-alumkmtibet -

NiM compo_tes wasenhancedalgnifw,antly whenthe layeeedsurfacefilm was peesentduringcompositeproceasing.

Controlcomposites showed ISS values of ap_ly 46 MP&whereasspecimens with modifiedfibersshowed

ISS levels exceeding 250 MPa. These datameconsidered M_ _n_ theyrepresentourfirstattemptto use

the Dow ITS _tus to makethe_ meastaen_nts, but subsequentSEM studyof fibersurfacemorphology

suggests a possible mechanismfor theobserved_: Fibexswhich possessed the bi-phasemetalliccoatingprior

to diffusionbondingwee foundto have significantlyroughersurfeoesthanthose Whichwerecornered in theas-

suppliedcondition. Funhcmm_ it was clearOuJtthe aluminawas subjectto substantialmicrostructuralinstabiliW

duringhigh-temperatureprocessing,resultingin creepand grainge)writ of bothcontroland_nodifiedfibers.

We believe thattheobse_ed diffeaencein surfaceroughnesscan be attributedto diff_ in the local

stress-stateexpetietr.ed by the fibersin thecontrolandmodifiedconditions. The uncoated(control)fibers

experienced,during_'Tusiou bonding,a stress-statehaving a largedeviatodc component,accentuatedby the

req_ that ma_ mate_ flow am_ the diamea_of the fit_ as the'boe_g process_ The coated

fibeirs,on theouter hand,were effectively containedin a spu_ metal_essel', inwhich theremayhaveoccurreda

trmu_iemliquidphase,andwhich would, inany casehave, cofformed _y tothe irregularsurfaceof the fiber.

The ,lattereffect may havemitigatedunfavorablewetting conditionsbetween A1203and N'tAI,butmoreimportantly,

the soft metalencapsulationmay have_endefedthe local stress-stateat the fibersurfacemorehydrostaticthanwasthe

case for mwa3eledfibers,reducingthetendencyto smoothoutsurfaceasperitiesby plastic flow. T[_ enhancedsurface

roughnessof the tin, xi fd_s (ct',mo_ w.cumte.iy,the degradationof roughnessin the uncoatedfibers)may_rw.ount

for the observeddiffezeatcesin ISS level lt is not yetclearto whatdegree fibertensileprcve_es were affectedBy the

coating andf_ e_ are in progressto confirmtheobserved ISS enhanoe_t, toquantifyfibersurface

mughnessesoandto determinemole w.cnn'atelytheeffect of thecoating on strengthof the fibers. However. these
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" ' " initialobservationswere unexpectedandinteresting, andmay lead to approachesto fiber surf_.e modificationwhich

werenot originally anticipated.

Creep in Ni3AI

Constant truestress compressivecreep tests have been completed at 80 and 160 MPa at 1000°C; 20, 40,

80 and 160 MPa at 1100 °C, 6, 10, 20, 40 and 80 MPa at 1200 °(2; and 10, 20 and 40 MPa at 1300°C. Itwas

found that, at 1000 oC, the primarycreep stage exhibited inverse transientbehavior which shifted to regulartransient ,

creepat decreasing stressandincreasingtemperature.Fewof the testsattaineda sustained stmdy-statecreep

condition,bu_rather displayeda creep-rateminimmn followed by a second t_ansientstage, associatedwith theonset

of dynamicrecrystallization. The latterwas confirmedin TEMexaminationof specimens frominterruptedtests,

wheresubgrainformationandgrain-lxxaglarybulgingwaeotmrved.

If the minima in the creep nuc curves were takenas quasi steady-slmede£ce_mfionrates,thematerialcould

be shown to exhibit power-law behaviorwith a stress exponentof 3.4 and an activatiorlienergyof 3.4 eV peratom.

The slru_ evolved a randomdistributionof dislocadom, _ve of C]ass-Ialloy behavior. However,at stress

levels below 20 MPa, asuem exponent of 4.2 was obmin_ andsubgrainfmmadon cl_Laracteristicof Class-IIalloys

was obsc_cd, indicating a possible transition fi_mnClaxs-I to _H behaviorai low stze.ss,A summaryof the

kinetic data is shown below in Figures2 and 3'.

Stress (MPa) Tcmpcmurc (C)
z7 :,.4 2o.1 s4.s 14a.4 4o3,4 lao4 12es 11_ lose o77

•6 '; i I i | ,,. --

n,,3211n_.3 n_1.34 / 2.5E-3 16 t I , J __ i ,

• t I 10 / /

, • 20 '

-ii- 3.4E.4 m 40

14 a 160

-
6.1E.6. _ _ -,

! " '/ i= n-,4.2 r_ cn
N / 8.3E.7 _,

.14

/ ii I:K)OC: II "3._4
-16 / i 1100C 1,1f:-7

d ® lO00Gii 1200C
ii llOOG

-18 . , . , . , . , . -- 1_)E4 6 ZSE-3
2 3 4 S | 6 7 8

In (mess) (MPa) Tcsnpcmun_ (l/T), (K4 X 10 4 )

FIsure 2. S_ms Dependenceof theminimumcre.ep l¢lpre 3. Tempesmure_ of tlm
rateinpolycrystaUineNi3Al minimumcreepnu_ inpolycrystallinoNi3AI

Mi_ of the CgelXspechnens varied frompmiaHy recrystallizedslracum_ withbi-modalgrain

size d_stributions,throughfine-grainedrecrystallizedsmicmrcs,to _grain_ slzucmre,s with wavygrain

boundaries.The grain size of the recrystaUizedstructureswere foundto be a function of the appliedstress, butwas
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. indep_dcnt of the testtemperature.The stress-dcixadenccof grainsize followeda Hall-Perchtypepower lawwith a

stless exponent of -0.68.
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