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I. PROGRESS DURING SECOND FUNDING PERIOD
s

The purpose of our researchprogramIs to undemtandthe Influenceof elasticmisfitstrain and applied

stress on the developmentof microstructurein two-phase coherent alloys. The long-term goal of our
_

research is to Identify those matedal ps,rameters that promote rr_crostructuralstability In multiphase

systemsat elevatedtemperatures.

Oureffortssincethe last progressreportIn February1991 have been twofold.Fk_t, we have continued

performingcoarseningsimulationsof elasticallyand dlffuslonallyInteractingparticlesIn an Infinitematrix.

In addition,we have been performingstmulatlon_of unstressedsystems during coarsening. Secondly,

we have begun to develop an experimentalcomponent to the research that would allow a careful

cocnpads_ betweentheory,computersimulationsand experiment.

We havecontinuedto focusour computersimulationsof stressed systemson elastically homogeneous

and Isotroplcsystemscontainingtetragonallymlsfittlngparticles.These assumptionsallow a tremendous

simplificationof the elasticity problem and make the simulations tractable. They also allow the effect of

mk;fitstrainoncoarsening to be discerned.

We haveshownpreviouslyhow elastically-inducedparticlemigrationsand preferentisdcoamentngcan

influence,mlcrostmctural development in systems containing mtsfitting particles by examining the

coarseningbehaviorof two particlesand small groupsof five particles. We have since eoncentr_dedon

simulatingthe coarsening behaviorof larger groups of particles as welt as systems wtth an "llnflnite"

numberof pm-tidesusing periodicboundaryconditions.Groups containing about 40 particles aJllowfor

complex elastic and dtffuslonalinteractionbetween I:_rttclesbut still allow the Indlvk:lualparticles to be

displayedintime.

i

Figures1 - 4 depictthe coarseningbehavior of such a group of i:)artlcles.Figure 1 shows the initial

microstructureused for the followingsimulations, lt is displayed as two projections,onto the x-y and x-z

planes, respectively. Figure 2 showsthe microstructureat the end of a stmulatlonthat coarsened only

underthe influenceof captllaltty.The particles have grown in size, decreased in number, and have not

developedanyspecificspatialalignments.

Figure 3 depictsthe final microstructureof a coarsening system containing tetmgonally mlsfittlng

particles.The axis of tetragona,ty is alongthe z axis and the misfit,inthe z directionis slightlylarger than
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in the x and y directions. Although the initial microstructureIs identicalto that used to obtain Fig. 2, the

finalmlcrostructuresare muchdifferent.There Is a Idghlypronouncedalignmentof the survivingparticles.

Of the five survivingparticles,four are aligned in (or near) a plane perpendicularto the z axis. This

configurationof particlesgives a lower elasticenergysince particlesaligned perpendicularto the z axis

have a negativeInteractionenergyIn thiscase.

Figure 4 also depicts the final microstructureobtained by simulating the coarsening behavior of

tetmgonallymisfiringparticles,However, in this case, the misffiInthe z directionis slightlyless than that

In the x andy directions. The particlesalign themselvesalongthe z axis, insteadof perpendicularto lt as

in Fig. 3, reflecting the negative elastic Interaction between particles in this orientation, lt Is also

interestingto note that the remaining particles in each of the simulationsdepicted by Figs. 2 - 4 are

different.

The techniqueof Irreduciblemultipoletensors employedIn solvingthe coupledelasticityand diffusion

problemIs also applicableto unstressedsystems. By consideringhigher-ordermultipoles, the technique

allowsa more accuratesimulationof coarsening behaviorthanthe heretoforeused monopolesolution. In

addition,lt allowsfor particlemigrationand permitsthe developmentof small spatial correlationsbetween

particlesto be followed,If they do indeed occur in unstressedsystems.Therefore, we have been using

this techniqueto simulatecoarsening behaviorin unstressedsystemsat small particlevolumefractions(0

- 4%)In order to compare our simulations wtth previouscoarseningsimulationsand as a check on the

numericalwork.

To date, our simulationsshow that these small, non-zero volume fraction systems exhibit scaling

propertiesand that the averageparticle size Increasesproportionalto tt/3.'l'he time-Independentparticle

size distributionbroadensas the volumefraction Increases,in agreementwith o_ar simulations.Particle

correlationsare also found to developwith tlrno,corroboratingthe predictionsof Marder's theory. Small

particles tend to be near large partldas and vice versa. Our coarsening rate constants are higher then

those predicted by other simulations,except for the work of Marder. We are unable to explain these

differencesat thistime.

We are in the preliminarystages of designingexperimentsto Investigatehow the sign and magnitude

of the misfit strain and the presence of an applied ¢(ress influence microstructuralevolution during

coarsening.The developmentoi spatialcorrelationsand theeffectof stress on the coarsening kineticswill
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Fig. 1 - Initialconfigurationprojectedonto the x-y and x-z
planes.
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Fig. 2 - Microstructureafter coarseningsimulationsin the
absence of all stress effects. (capillarity-driven
coarsening)
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Fig. 3 - Final microstructureafter coarseningsimulationsfor
tetragonallymisfitting particles. Misfit in Z direction
is slightly greater than in the x and y directions.

X

Fig. 4 - Final microstructureafter coarseningsimulationsfor
tetragonally misfitting particles. Misfitin z direction
is slightly less than in x and y directions.



be examined.

lt Is Intendedfor the experimentsto be compared with the simulations. We have chosen NI-AI with

temary addlUonsof Mo as a model alloy. The Mo segregates preferentiallyto the matrix phase and Is

used to control the parUde misfit. We are currently developing alloys with a 7' volume fraction of

approximately10% with particle misfits ranging from about 0.5% to -0.5% at room temperature by

changingthe Mo conc_iltration, The three Initial alloy compositions being examined are, In atomic
I

percent,Nta_lloMO5, iVte4A16MOjoand IVtslAlsMol4. Misfit strains and volume fractionsattemperature

need to beverifiedbeforesinglecrystalsof the alloysare obtained.

II. PROPOSED WORK FOR THE NEXT FUNDING YEAR

Dudng the coming year, we will continue our simulationsof stressed and unstressed systems. One

importantgoal is to Independentlyverify the results of our simulations of syQtemscontaining large

numbersof particlesper basis with pedodicboundaryconditions.We will firstconcentrate on unstressed

systems.The dlffuslonalcut-off distanceswill be extended. If necessary, we willdevelop new code as a

furthercheckon existingcode. The verificationis Important bothas a check on the existingcode for the

stressedcase and for Illuminatingthe coarsening behaviorof unstressed systems.Our simulationsare

the only ones to date that allow for particlemigrationsand higher-ordermultipoles.Since our simulations

of unstressedsystemsare, thus far, the only simulationsto support the theoretical work of Marder, we

may have shown that one must allow for both the development of spatial correlationsand particle

migrationsIfthe coarseningbehaviorof unstressedsystems (Includingthe predictionof rate constants) is

to be adequately predicted. This work will be undertaken by W.Hort, a new graduate student, with

interactionfromformergraduatestudent Dr.T. A. Ablnandanan.

We will establisha procedurefor examining the coarsening behavior of systems subjected to an

external elastic stress. A major difficulty In performing such simulations Is obtaining a reasonable

approximationto the elastic field. Such an approximationmust be accurate enoughto allow the dtftuslon

problem to be solvedyet simple enough to Implement at each time step of the simulation.Since the

ifferencein elasticconstants between particles and matdx is Important in determiningthe development

oYImicrostructurein systems subject to extemal stress, we cannot use a superpositionof particle elastic

fi_tlds in a homogeneoussystem as in the present simulations. Instead, we will try to obtain an

ap_roximationto the elastic fieldsusing an integralequation. We would like to simulate the coarsening

be__;aviorof suchsystemsfor comparisonwith some of the planned experiments.
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As Indicated,major emphasisis being placed on the design and Implementationof experiments to

examine coarsening behavior in stressed systems. Once we have determined the appropriate alloy

compositions,we will order singlecrystalsfor use in bothexternally stressed and unstressedsystems.

Dr. MichaelFahrmann,a visitingscientistfrom Germany,has undertakenthese preliminaryexperlments,

IncollaborationwithDr. Peter Fratzl at the universityof vienna, we intend to use small angle scattering

techniquesto obtain average particle sizes as a functionof time. In addition,we hope to quantifythe

spatial correlations at the eadler stages of coarsening. TEM work will also be performed on ali

specimens,In collaborationwith Prof.Pollock.

We hope to beginexploratoryexperimentsof coarseningInoxideswith Profs. M. Readyand T. Pollock

of CMU. Model systems include the binary partially stabilized zlrconlas. The particles possess a

tetragonal misfit, which might allow a more direct compadson to the simulations currently being

performed. In addition, the size and distributionof the second-phase particles is critical for the

mechanicalbehaviorofthe system.

Iil. PERSONNEL

From May 1, 1990 to March31, 1991, Iwas a visitingProfessorIn the Institutfur Metallforschungat the

Technical University in Bedln. Dudng this time I interacted wtth a group headed by Prof. Feller-

Knlepmelerwhich has been examining mlcrostructuralevolutionIn the nickel-based super alloys. From

Apdl 1, 1991 to June 30, 1991, I was an Alexander von Humboldt Fellow and a guest of Prof.

H. Schmalzded at the Universityof Hannoverwherewe began researchon the Influenceof elastic stress

on solid state reactiov_sIn ceramic systems. This Jointresearch is contlnulng. I. retumed full time to

Camegle Mellonon July 1, 1991. I was also the recipientof the 1990 OutstandingPaper Award In Acta

Metallurgicaet Matedalia.

T.A. Abinandanan, a graduatestudentsupportedby thisgrant,eamed his Ph.D. degree In Apdl 1991.

A copyof his thesisIs enclosed. He didan outstandingJoband is currentlydoing post-doctoralwork wtth

Dr.Georges Martin(CENS) InSaclay, France.

Werner Hort is a new graduate student as of September 1991. He has the equivalent of an M.S.

degreein physicsfromthe Universityof Saadand and has performed computer simulations.He makes a

strongadditionto the group.
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Dr. Michael Fahrmann is a visiting scientistfromGermany andJoinedus in February 1992. He receivesJ

half of his support from the Alexandervon Humboldt Foundation and half from this grant. He has a strong

experimental backgroundand is activelyInvolvedin our experiments.

In addition,we are beginningto collaboratewith Dr. Peter Fratzlof the Universityof Vienna and Profs.

Tresa Pollockand Michael Readyof CamegleMellon. Dr. Fratzlwillbe Involvedin the small angle x-ray r

analysis. He is well known for his work on small angle scatteringand analysis of scaling effectsduring

coarsening. Prof. Pollock has been actively investigating the high-temperature deformation and

microstructuralevolution of the nickel-base superalloys. Prof. Ready Is a ceramist Interested in the

mechanicalbehaviorand phasetransformationsof zirconla.Profs. Pollock,Ready and I are attemptingto

extendsome of the techniquesdevelopedin thisworkto ceramicsystems.They receive no compensation

fromthisgrant.

IV. PUBLICATIONS

The followingpubllcaUonsresultingfrom research supportedby this grant have been pub,shed or

submittedsinceJuly 1991:

1. P.W. Voorhees, G.B. McFadden, and W.C. Johnson, "On the MorphologicalDevelopment
of Second-Phase ParticlesIn ElasticallyStressedSolids",acceptedAc'taMetall. et Mater.

2. T.A. Abinandanan and W. C. Johnson, "Coarseningof Elastically Interacting Coherent
Parttdes: 1. TheoreticalFormulation",submitted.

3. T.A. Abinandanan and W. C. Johnson, "Coarsening of Elastically Interacting Coherent
Partides: 2. Simulationsof PreferentialCoarseningand ParticleMigrations",submitted.

4. W.C. Johnson, T.A. Abinandanan and P.W. Voorhees, "Influence of Elastic Stress on
MicrostructuralEvolutiondudngOstwald Ripening",ProceedingsIntematlonalWorkshopon
ComputationalMaterialsScience,Japan NRIM, 95-102, 1991.

5. W.C. Johnson and P.W. Voorhees, "ElasticallyInduced PrecipitateShape Transitionsin
Solids",In Nonlinear Phenomena,vol.2, eds. G. Martinand L. Kubin,1992.

6. S. Satoh and W.C. Johnson, "Elastically Induced Precipitate Shape Transitions in a
Cu-2at% Co Alloy",acceptedwith mandatoryrevisions,Metall. Trans.

V. SEMINARS

Since the last progressupdate in February 1991, W.C. Johnsonhas presentedthe followingseminars

relateddirectlyto thisgrant:

1. "Influenceof MisfitStrainon Coarsening",A.V. LuikovInstitutefor Heat and Mass Transfer,
BSSR Academy of Sciences,Minsk,USSR, March 6, 1991. (Invited)

2."Phase Equilibria in Stressed Systems", Institute for Physical Chemistry and
Electrochemistry,Universityof Hannover,Germany,June 11, 1991. (Invited)

3. "Coarseningin ElasticallyStressedSystems",German PhysicalSociety Meeting, Munster,



. Germany,April8,1991.

4. "Role of Elastic InteractionsDuring Coarsening of Coherent Particles", TMS-AIME Fall
Meeting,Cincinnati,Ohio, October 24, 1991.

He has been askedto presentthe followingInvitedsemlnam:

1. "Influenceof Misfit Strain on Ostwald Ripening", Depalment of Materials Science,
Universityof Virginia,Charlottesville,VA,April 13, 1992. (Invited)

2. "Influenceof Misfit Strain on Ostwald Ripening', IntemationalCentre for Mathematical
Sciences,Workshop on Kineticsof Phase Transformations,Edinburgh,Scotland, August
5-10, 1992. (Invited)

3. "OstwaldRipeningin ElasticallyStressedSystems', Workshopon Mathematicsin Materials
Sciences,Virginia,September 21-23, 1992. (Invited)

4. "OstwaldRipeningIn Elastically StressedSystems",TMS-AIME Fall Meeting, Chicago, IL,
November,1992. (Invited)

T.A. Ablnandananhas presentedthe followingInvitedseminarsrelateddirectlyto thisgrant:
1. "Role of Elastic Interactions During Coarseningof Coherent Precipitates",CENS, Saclay,

France,July,1991.

2. "Role of Elastic Interactions During Coarsening of Coherent Precipitates", Institute for
PhysicalMetallurgy,Qottlngen,Germany, Apdl, 1992.

VI. CURRENT AND PENDING SUPPORT

Title: Thermodynamics of NonhydrostatlcallyStressedSolidsand Interfaces

Sponsor: NationalScience Foundation

Duration: 1 August1990 to 31 July 1992

Status: current- creativityextension

Amount: $189,043

Effort: 1 Su, 1/2 AY

Title: Thermodynamicsof CrystallineSolids

Sponsor: NationalScience Foundation

Duration: 1 August1992 to 31 July 1995

Status: pending

Amount: $304,427

Effort: 1 Su, 1 AY






