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II. BACKGROUND-RESEARCH ACCOMPLISHMENT OF THE PRIOR DOE_ES GRANT

"Fundamental Alloy Design of Oxide Ceramics and Thck Composites"

May 1, 1990-August 31, 1992

During the above grant period, Professor Chcn has been supported by DOE at a budget of

around $90,000/yr. The main research has been on the microstructural development of oxide

ceramics. In addition, several projects which were continued from the previous grant period of

May 1, 1987-April 30, 1990, were also completed. The following are the tides of publications dated

May 1, 1990-August 31, 1992, in reverse chronological order. Copies of these publications arc

auachcd as Appendices. Their absn'actsarc given below in the subsections 2.1-2.12.

1. P.L. Chertand I-W. Chert, "Reactive CeO2 Powders by Homogeneous PrccipizadonMethod,"
submit_d for publication to.L of American Cera_c Society (1992).

2. L.A. Xue and I-W. Chen, "A New SiC Whisker Reinforced Lithium Aluminosilicate
Composite," submincd for publication to.L of American Ceramic Society (I992).

3. I-W. Chert, "Solute Drag on Grain Boundary in Ionic Solids -The Space Charge Effect," to
be publishezl in l_si_ and Control of Grain Boundm'vProo_r_ies in Ceramics. Eds., K. Ishizaki
and K.Nihara, Elsevi_ Publications, New York (1992). -

4. P.L. Chen and IoW. Chen, "In-situ Alumina/Aluminate Platdet Composites," accepted for
publication, I. of _erican Ceramic Society (1992).

5. X. Wu and I-W. Chen, "Exaggerat_ Texture and Grain Growth of a Supcrplasfic Silicon

Nizride," acccpw.z]for publicafion, J. of American Cerwnic Sociery (1991). __IE_
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6. X. Wu and I-W. Chen, "Hot Extrusion of Ceramics," accepted for publication, J. of American
Ceramic Society (1992).

7. L.A. Xue, K. Meyer and I-W. Chen, "Control of Grain Boundary Pinning in AI203fZrO2
Composites with Ce3+/Ce4+Doping," J. of American Ceramic Society, 75 [4] 822-29 (1992).

8. I-W. Chen, "Superplastic Forming of Ceramic Composites," in _fi,dvaneed Composite
__llh, Ed. M. Sacks, Ceramic Transactions, 19, 695-706 (1991).

9. G.N. Hassold, I-W. Chert and D.J. Srolovitz, "Computer Simulation of Final Stage Sintering I:
Model, Kinetics and Microstructure," J. of American Ceramic Society, 73 [10] 2857-64 (1990).

10. I-W. then, G.N. Hassold and D.J. Srolovitz, "Computer Simulation of Final Stage Sintering
II: Influence of Initial Pore Size," J. of American Ceramic Society, 73 [10] 2865-72 (1990).

11. I-W. Chen and L.A. Xue, "Development of Superplastic Structural Ceramics," J. of American
Ceramic Society, 73 [9] 2585-2609 (1990).

12. C.K. Yoon and I-W. Chen, "Superplastic Flow of Two-Phase Ceramics Containing Rigid
Inclusions--Zirconia/Mullite Composites," J. of American Ceramic Society, 73 [6] 1555-65
(1990).

2.1 Reactive CeO2 Powders by Homogeneous Precipitation Method

CoO2 powders have been prepared by aging a cerium(III) nitrate solution in the presence of

hexamethylenetetramine. Oxidation of Ce 3+occurs in the precipitate and the wet precipitate is

identified as crystallized CoO2 before any heat treatment. The cold pressed powders can be

sintered to full density at temperatures as low as 1250°C in just 6 rain. Moreover, the sinterability

of the powders is insensitive to the calcination temperatures,particle size, or green density. The

powders calcined at 850°C with a erystallite size of 600]_ have a sinterability as good as the

powders calcined at 4500C with a crystallite size of 145A. The mechanisms for direct CoO2

precipitation andits relation to the excellent sinter'abilityarediscussed.

2.2 A New SiC Whisker Reinforced Lithium Aluminosilicate Composite

The glass ceramic matrix of the well-known lithium aluminosilicate (LAS)/SiC composite is

usuallyformulatednearthespodumenecomposition.We reporthereanew compositionwhichis

richinalumina(78wt%)andleaninsilica(21wt%)andlithia(lwt%). Thisformulationoffersa



new option of converting the glass ceramic matrix to a mullite/alumina matrix upon annealing above

1400°C, and hence better creep resistance and other high temperature mechanical properties. Using

a transient phase processing method we developed previously for the superplastic forming of

mullite, we are able to hot-press a composite containing 30 vol% SiC whiskers at -1350°C to

achieve full density. Flexural strength measurements up to 1400°C have confirmed the improved

high tempera:are strength and creep resistance over conventional LAS. The fracture toughness is

also higher than that of LAS. The results suggest that the new composition may be chosen as a

better candidate matrix for SiC fiber reinforced composites.

2.3 Solute Drag on Grain Boundary in Ionic Solids---The Space Charge Effect

Solute drag involving space charge interactions between aliovalent dopants and counterions

near a grain boundary is evaluated. We use a lattice model to describe site competition between

solutes and host ions, which naturally leads to saturated solute segregation at the grain boundary at

higher concentrations. In such a limit, the screening distance is nearly concentration independent,

and the grain boundary mobility goes through a minimum at an intermediate concentration. In the

dilute limit, the mobility decreases monotonically with solute concentration, and a slower diffusing

cation dopant of a larger effective charge provides a larger drag. Recent grain growth data of ZrO2

and CeO2 are in support of the above model.

2.4 In.situ Alumina/Aluminate Platelet Composites

Alumina composites containing in-situ-formed hexaluminate (LaAIIlOI8, LaMgAIIlOI9,

SrAII2OIg, and Mg2NaAI15025) platelets can be pressureless-sintered to high density. The grain

morphology of the aluminates can be controlled by composition. A peak toughness 50% higher

than that of A1203 is obtained at 30 v/o aluminates, with a modest reduction (10%) in hardness and

Young's modulus. Although crack-bridging by aluminate platelets is apparently operating, the

maximum toughness is intrinsically limited by the low cohesive strengthof these layercompounds.
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2.5 Exaggerated Texture and Grain Growth of a Superplastic Silicon Nitride

A fine-grained superplastic [Y-silicon nitride solid solution (SiAlON) was found to develop

elongated grains and a pronounced texture during tensile deformation at 1550°C. The texture

development is well described by a geometrical model of grainrotation in accordance with the strain

field. Once aligned, grains can then grow with little constraint due to impingement and often

coalesce into each other. With the above microstructural development, the stress-strain curve

displayed unusually strong strainhardeningcharacteristics due to a fiber-reinforcementeffect of the

aligned silicon nitride grains on the glass-containing matrix. By extending the theological model of

Chen and Yoon mid considering these microstructural evolutions, we are able to simulate the

deformation behavior.

2.6 Hot Extrusion of Ceramics

A solid Bi2(Sr,Ca)3Cu2OS+xceramic has been hot extruded throughconical dies. The product

wires have a highly textured crystallographic structure with the basal plane aligned along the wire

axis. The mechanics of the extrusion process has been studied both theoretically and

experimentally with the dic semi-angle from 30° to 60°, the extrusion ratio from 4 to 9, the

temperature range from 775°C to 825°C and the outlet extrusion speeds from 0.002 to 0.8 mm/s.

The tool friction coefficient is also estimated. A Simpleanalytical model has been developed using

a combined slab method and upper bound method for a power-law creeping, strain rate sensitive

material. The model predictions arc in good agreement with the experimental results.

2.7 Control of Grain Boundary Pinning in AI203/ZrOz Composites with Ce3+/Ce 4+
Doping

The control of the microstructureof Ce-doped A1203/7.xO2 composites by the valence change

of cerium ion has been demonstrated. Two distinctively different types of microstructure, large

A1203 grains with intragranular ZrO2particles and small A1203 grains with intergranular ZtO2

particles, can be obtained under identical pre-sintering processing conditions. At doping levels

greater than --3 tool% with respect to ZrO2, Ce3+ raises the alumina grain boundary to zirconia
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particle mobility ratio. This causes the breakaway of grain boundary from panicles and the first

type of microstructure. On the other hand, Ce4+ causes no breakaway and produces a normal

intergranular ZrO2 distribution. The dramatic effect of Ce3+on the reiative mobility ratio is found

' to be associated with fluxing of the glassy boundary phase, and is likewise observed for other large

trivalent cation dopants. The ZrO2 second phase acts as a scavenger for these trivalent cations,

provided their solubility limit in Zr02 is not exceeded.

2.8 Superplastic Forming of Ceramic Composites

Ceramic composites offer the special advantageof microstructuralstability during large strain

superplasticdeformation.They tendto havebotha higherflowstressandlocalstressaround

reinforcingpanicles,especiallywhentheaspectratiooftheinclusionsishigh.Thus,onlyequiaxed

ceramiccompositesareamenableto superplasticformingatthepresenttime.

2.9 Computer Simulation of Final Stage Sintering I: Model, Kinetics and Microstructure

A Monte Carlo model for simulating final-stage sintering has been developed. This model

incorporates realistic microstructural features (grains and pores), variable surface diffusivity, grain-

boundary diffusivity, and grain-boundary mobility. A preliminary study of a periodic array of

poreshasshown thatthesimulationprocedureaccuratelyreproducestheoreticallypredicted

sinteringkineticsundertherestrictedsetofassumptions.Studiesonmorerealisticfinal-stage

sinteringmicrostructureshow thattheevolutionobservedinthesimulationcloselyresembles

microstructuresofrealsinteredmaterialsovera widerangeofdiffusivity,initialporosity,andinitial

poresizes.Poreshrinkage,graingrowth,porebreakaway,andreattachmenthaveallbeenobserved.

The porositydecreasesmonotonicallywithsinteringtimeandscaleswiththeinitialporosityand

diffusivityalongthegrainboundary.Deviationsfromequilibriumporeshapesunderslowsurface

diffusionorfastgrain-boundarydiffusionconditionsyieldslowerthanexpectedsinteringrates.
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2.10 Computer Simulation of Final Stage Sintering II"Influence of Initial Pore Size

A two-dimensional Monte-Carlo simulation procedure has been employed to investigate the

effect of the initial pore size on the microstructural evolution and the kinetics of final stage

sintering. The sintering time scales with ro4/Dgb and the grain growth time scales with ro2/Dm.

Pores arefound to effectively pin the grain boundaries from the beginning of final stage sintering at

a porosity of ¢b = 0.09 until • < 0.03. For • < 0.03, the remaining pores do not effectively retard

grain boundary migration and normal grain growth occurs. Small pores were found to be less

effective at retarding grain growth than expected on the basis of a simple grain growth pinning

model. The mean pore size was found to be nearlyconstant throughout the simulations.

2.11 Development of Superplastic Structural Ceramics

!t Supca'plastiestructuralceramics, Y-17_,P,A1203, Si3N4 and theircomposites, that can withstand
"!,I
I biaxial stretching to large strains, have been developed recently. Microstructuraldesign of these

ceramics first calls for an ultrafine grain size that is stable against coarsening duringsintering and

deformation. A low sintering temperature is a necessary, but not sufficient, condition for achieving

i] the above. In many cases, the selection of an appropriate phase, such as tetragonal phase in zirconia
or ct phase in silicon nitride which is resistant to grain growth, is crucial. The use of sinteriag aids

and grain growth inhibitors, particularly those that segregate to the grain boundaries, can be

beneficial. Second phase particles axe especially effective in suppressing static and dynamic grain

growth. Another major concern is to maintain an adequate grain boundary cohesive strength,

relative to the flow stress, to mitigate cavitation or grain boundary cracking during large strain

deformation. Existing evidence suggests that a lower grain boundary energy is instrumental in

! achieving this objective. The selection of an appropriate phase and the tailoring of the grain

boundary or liquid phase composition can sometimes drastically alter the cavitation resistance.

" Related observations on forming methods, forming characteristics, and sheet formability arc also

reviewed. It is found that the basic deformation characteristics are akin to diffusional creep and

dominated by grain boundary diffusion. However, they are frequently altered by interface reactions,
.
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second-phase hardening/softening, and dynamic grain growth induced strain hardening. Ductility

and formability, on the other hand, are controlled by the flow stress and flaw distribution, not by

deformation instability as in superplastic metals. Analytical models and empirical correlations are

presented to describe various constitutive relations in the above areas.

2.12 Superplastic Flow of Two-Phase Ceramics Containing Rigid Inclusions---
Zirconia/Mullite Composites

A continuum theory for non-Newtonian flow of a two-phase composite containing rigid

inclusions is presented, lt predicts flow suppression by a factor of (l-V)q, where V is the volume

fraction of the rigid inclusion and q depends on the stress exponent and the inclusion shape. Stress

concentrations in the rigid inclusion have also been evaluated. As the stress exponent increases,

flow suppression is more pronounced even though stress concentration is less severe. To test this

theory, superplastic flow of zirconia/muUite composites, in which zireonia is a soft, non-Newtonian

superplastic matrix and mullite is a rigid phase of various size, shape and amount, is studied. The

continuum theory is found to describe the two-phase superplastic flow reasonably weil.

III. PROPOSED RESEARCH

3.1 Materials

CeO2 and Y203 systems are the focus of the proposal. CeO2 is a cubic fluorite-structured

oxide which has a broad range of nonstoichiometry due to Ce3+/Ce4+ conversion. The latter

feature is wel!-characterized by several investigators, and it also gives rise to electronic conduction

in addition to ionic conduction. [30"33]Solid solutions form between CeO2 and oxides of divalent

Mg, Ca, Sr, trivalent Sc, Yb, Y, Gd, La, tetravalent "Ii and Zr, and to a more limited extent pentavalent

Nb and Ta, over at least several mole percent. (In the above, the cations within each group are

ranked by their ionic radii from small to large ones.) Thus, this system is well-suited for the

present study. Y203 is a cubic oxide of the C type R203 (R - rare earth element) structure which

can be regarded as a derivative structure of anion-deficient fluorite. Its nonstoichiometry is again
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attributedtooxygenvacanciesandinterstitialsandallowsa considerablerangeofsolidsolutions

withalloftheabovecations.J34]PureCeO2,pureY203,andtheirsolidsolutionswithallofthe

abovedopantswillbcstudiedinthiswork.

PowdersofCcO2 willbepreparedfollowingthemethodreportedbyus.(SccScc.2.1and

Appendix.)Inthismethod,CeO2 wasfoundtoformdirectlyfromanaqueoussolutionofnitrate

withhexamethylenetetramineastheligandsourceandoxidizer.The resultant powdersarchighly

sintcrable;fullydenseceramicscanbeobtainedeasilyat1200°Cusingdie-pressedgreenbodies.

Dopingwillbeachievedbydissolvinga saltofthecationdopantinthesuspensionwhichcarries

theundopedCcO2powders.The suspensionwillbegelledandthendriedandcalcinedtoobtaina

solidsolution.PowdersofY203 willbepreparedfollowingthemethodofSordeletandAkine,[6]

whichusesureaastheligandsource,anddopedsimilarly.Thesemethodshavebeenroutinely

practicedinourlaboratoryandworkwellfortheabovesystem.

AlthoughtheabovedescriptionislimitedtoCeO2 andY203,inthecourseoftheproposed

researchappropriateattentionwillalsobcmadetothecloselyrelatedZrO2system.Zirconiainthe

tetragonalphasefieldhasbeenextensivelystudiedbyususinga 12moi%CeO2 stabilizedalloy.[7]

The resultofthisstudyisentirelyconsistentfromtheviewpointofspacechargetheoryofsolute

drag.However,theissueofa much highergrainboundarymobilityinthecubicphaseisstill

unresolved.[$]Inaddition,intheconcentratedsolidsolution,zirconiaformsmany orderedphases:

MZr6013, MZr409, M6Zr19046,M2ZrSOlT,and MZrO3 fordivalentcations,M2Zr7OlT,

M2ZrsO13,M2Zr2OT,andM4Zr3Ol2fortrivalentcations,andMZr308 andMZrO4 fortctravalent

cations.ThestabilityandstructuresofthesecompoundsvarydependingonthesizeoftheM ions.

Thesephasesformeitheron amacroscopicora microscopicscale,althoughthetemperatureregime

fortheorderingissomewhatlimitedattimesanditskineticscanbequitesluggish.[35lThese

aspectswillbcborneinmindinourresearchand,whenpossible,additionalparallelexperiments

willbeplannedtoexploretheanalogyanddifferencesbetweentheseZr&2basedceramicsandour

focusmaterials(CeO2andY203).
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3.2 Solute Drag

The central task area of the proposed research is in static grain growth, dynamic grain growth,

and related mechanical phenomena which involve processes expected to be influenced by solute

drag. Using fully dense specimens, static grain growth experiments and measurements of the

average grain boundary mobility will be performed over a wide range of temperatures. They will be

complemented by compression tests at several constant strain rates using specimens of fine initial

grain sizgs to determine the threshold of dynamic grain growth in the diffusional creep regime.

Additional deformation experiments using coarse grain materials will also be performed to

investigatethesoluteeffecton dislocationcreep.

The grain boundary mobility will be analyzed using the model recently developed by us. (See

Section 2.3 and Appendices.) A systematic comparison of the mobilities of CeO2 and Y203, with

and without various amounts of cation solutes of different charges and sizes, will be made to

discern the basic trend. The plausible mechanisms for solute drag and the necessary solute defect

interactions will be inferred from such reasoning. The latter considerations are expected to be

important at least for CeO2. lt is known that in CeO2 a large concentration of Ce3+ is present.

Therefore, it is relatively easy to maintain within the intrinsic regime and to investigate

compensation/competition effects of other solutes within the same regime.J30-32]In addition, there

is now strong evidence to suggest a widely varying degree of solute-oxygen vacancy association

which is sensitive to size and charge misfit that can even alter the coordination number of competing

cations.[21"22,25,28] These interactions are expected to have some effect on segregation and

diffusion of the solutes. Special attention will be paid to the temperature dependence of grain

boundary mobilRy which is expected to primarily reflect that of solute diffusion in the lattice with

some secondary contribution from segregation energy. Other possible phenomena which might be

vncountcwA in the data analysis include saturation of the segregant and the grain boundary charge.

A model which incorporates ali the above considerations will be constructed and the parameters for

various contributions will be determined by best fitting the model with the extensive data base

obtained in the proposed study. To complete this exercise, we will expect the model to provide

!7
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specific new predictions which may be experimentally checked to validate the model. For example,

some compensating or competing dopant experiments may be envisioned for this purpose.

Concerning dynamic grain growth, our previous investigation of the Ce-TZP system has

established a one-to-one relationship between the static grain growth rate and the dynamic grain

growth rate.[36] In the case of diffusional creep, this correspondence is further extended to the

stress-strain curves which manifest varying degrees of work-hardening due to grain size

increase.[ 36] We will seek to extend similar observations to the CeO2 and Y203 systems. A

constitutive equationwill be constructed to describe the stress-strain curve by incorporating grain

growth. At a more fundamental level, it is recognized that the currently available models on

dynamic grain growth[37]do not seem to lend themselves to an immediate explanation of the above

relationship between static and dynamic graingrowth. Therefore, further microscopic models will

be considered in our work to elucidate this point. Lastly, the solute drag model with space charge

segregation will be extended to the high velocity regime to examine the consequence of solute

breakaway from a moving boundary. The latter task will probably be handled numerically since it

is now known that the space charge potential is strongly dependent on the velocity. (See Section

2.3 and Appendix.)

An integral part of the above analysis will consist of microstructural and microchemical

characterization at the TEM level. The spatial distributions of solutes near grain boundaries will be

selectively established by STEM in order to confirm solute segregation, the designation of grain

boundary charge, the space charge compensation by counter ions, and the effect of co-dopants. In

the case of dynamic grain growth, selective solute dismbutions within the grainand on both sides of

the grain boundary will have to be measured to reveal evidence of solute breakaway. In the case of

deformation, dislocation substructures will be compared at various dopant and concentration levels

and grain sizes to discern the effect of aliovalent solutes as very little is currently known of this

aspect for solid solution oxides. (Major changes in dislocation substructures and creep

mechanisms can be caused by solutes which lower dislocation mobilities, as in some metals.)

Lastly, in favorable situations, attempts will also be made to follow kinetics of dislocation loop
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shrinkagewhichshouldprovidedataoflatticediffusivityoveraveryshortdistanceoftheorderof

loopradius.[38]

3.3 Densificationand Coarsening

The focusofthistaskareaistoevaluatethedensificationandcoarseningkineticsusing

powdersconditionedtohaveapreciselyknowngrainboundarymobility(sccSec.3.2).Partofthe

presenttaskwillbeperformedroutinelyduringthescreeningexperimentsongraingrowthwhich

may finddopantsthathaveunusualeffectson sinteringandyetbehavenormallyasfarastheir

effectson grainboundarymobilityarcconcerned.Microscopicexaminationoftheintermediate

andfinalmicrostructureswillprobablyrevealthelikelycauseoftheanomalouseffect,forexample,

by virtueof an unusuallylargedihedralangle.Thisinformationwillthenallowa more

comprehensiveassessmentofthesoluteeffectsondensificationandcoarsening.

Threesetsofexperimentsareplannedinadditiontotheabove.First,we willcompare

densificationkineticsandmicrostructuresofdifferentlydopedsolidsolutionsandevaluatethese

resultswiththebenefitoftheknowledgeofgrainboundarymobility.Theresultswillbeanalyzed

usingtheestablishedkineticequationsintheliteratureforsinteringandgraingrowthto(a)separate

thecontributionofporedragfromsolutedrag;(b)assessthevalidityoftheporedragtheorygiven

thedataofporeshrinkage;and(c)assessthevalidityofdensification-coarseningequationknowing

(a)and (b).Suchan exerciseisnecessaryforthebasicunderstandingoffinalstagesintering

theorybuthasnotbeendonedefinitivelytoourknowledge,mainlyduetothelackofknowledgeof

themobilityofapore-freegrainboundary.

The secondexperimentplannedisintendedtoassesstheeffectofsolutedragonthesintering

ofsecondphaseceramics.Accordingtothecurrentunderstanding,J39"401themainreasonforthe

sinteringretardationbya non-sinteringsecondphase,theso-calledconstrainteffect,istherapid

coarseningofthematrixwhichincreasesthematrixcreepresistancetorenderaccommodation

difficult.Thisissupportedbytheobservationthatviscoussinteringofglasses,whichisnotsubject

tograincoarsening,isfreeoftheconstrainteffect.[40]Ifso,thesinterabilityoftwo-phaseceramics
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should also scale inversely with grain boundary mobility. To examine this possibility, we will

compare densification kinetics and microstructures of differently doped solid solutions with a

second phase. By using the highly sinterable CeO2 powders, we will be able to perform these

experiments at temperatures no higher than 1300°C. This would allow us to use either alumina or

SiC as an inert second phase without too much complication due to the change of grain boundary

chemistry or second phase coarsening. Microstructural examination will provide additional direct

information on the mechanism. Its volume fraction will be kept low enough to avoid the

complication of forming a rigid, connected network of the seco_ldphase.

The last experiment planned will investigate the effect of initial porosity on sintering of

otherwise highly sinterable powders with various grain boundary mobility. We are motivated by

our observation in CeO2 which showed that, even with a green density as low as 25%, fully dense

bodies can still be obtained after firing with essentially identical microstructures of only slightly

different grain size distributions. This seems to contradict the commonly held notion that claims a

direct correspondence between packing density and sinterability.[41-43] Instead, it would suggest

that, if agglomeration can be avoided, no microstructural coarsening happens until final stage

sintering, and the transition to the latter occurs over a relatively narrow density regime which is

independent of initial porosity.t44"46] We intend to investigate the above aspect in more detail by

conducting sintering experiments using isostatically pressed pellets of different green densities

using CeO2 powders and Y203 powders, and to repeat such experiments, if necessary, with doped

powders. (The use of isostatic pressing rather than colloidal packing techniques is intentional to

demonstrate that handling of dried powders does not necessarily introduce agglomeration, as often

claimed in the literature, if highly sinterable powders are available, which is the case with CeO2.)

Microstructural examination to identify the onset of final stage sintering and the final

microstructure, including the grain size distribution, will be performed to complement the analysis

of densification data.

It should be mentioned that in the past, we have, in collaboration with Professor

David J. Srolovitz's group in our department, developed a method to simulate sintering using
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Monte-Carlotechniquesintwo-dimensionaltriangularlatticc.{_-47](SecalsoSecdon2.)These

techniquescanbcfurtherdevelopedtothreedimensionsandcancertainlybeeasilymodifiedto

incorporatethepresenceofsecondphaseparticles.(Grainboundarymobilityisalreadyan

independentvariableinthecurrentcode.)Therefore,givenenoughresources,we areindeedwell-

positionedtocarryouta highlysophisticatedsimulationeffortinthisareatoaugmentthe

essentiallyexperimentalapproachoutlinedabove.

3.4 GrainBoundaryElectrical Behavior

Theobjectiveofthistaskareaistoexplorethepossibleeffectsofspacechargedinducedsolute

segregationon grainboundaryelectricalbehavior.The spacechargelayercanberegardedas

providinga largecapacitativecontributiontothegrainboundaryelectricalcomponent.J48]The

magnitudeofthiscapacitanceisdependentonthethicknessofthedoublelayerandthetotalcharge

storedwithin,ltisuniqueinthatithasnoequivalenteffectinthebulk.Theresistivecontribution

ofthegrainboundarycomponentisalsoexpectedtobeaffectedbythesoluteduetothedifferent

interactionsbetweensoluteandoxygenvacancies.Theequivalentsoluteeffectonresistar|ceinthe

bulk,however,isalreadywell-documentedinCcO2andZrO'Landcanbeneatlycorrelatedtolattice

misfitofthesoluteoxidc.[21.2s,491Systematicandfocussedinvestigationsonthegrainboundary

effectisrareintheliterature,otherthansomereportsonimpurities(typicallySiO2andA1203)

whichblocked,andsometimescleansed,theslainboundaries.[_'53]

To investigatetheabovebehavior,we willuseAC impedancespccu_scopyastheprimarytool.

ElectricalconductivityofY203 andCeO2 isprimarilyduetoionicconductionby anoxygen

vacancymechanism,althoughelectroniccontributionby a smallpolaronmechanismisalso

importantinCeO2 when a significantconcentrationofCc3+ispresentduetoreductionordonor

doping.[32] Thesecontributionscan beseparatedfromeachotherbyemployingtheblocked

electrodetechnique.Impedancemeasurementsoverasufficientlywidefrequencyrangecanthenbe

usedtoevaluategrainboundaryand bulkconductivityand theirresultscan bc analyzedto

detcn'n_nethegrainboundaryresistanceandcapacitance.Theresistancecanusuallybcanalyzedin
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a relatively straight-forward manner in terms of carder concentration and carder mobility.[ 54]

Furtherdecoupling of the capacitance into charge and thickness, however, is difficult since only

their ratio is measured. Nevertheless, when a sufficiently large data base and the resistance

information is available, it may be possible to unambiguously compare these data with the

prediction of a segregation model.

The samples used for the above experiments will be prepared in the first task area (See. 3.2).

They should cover a wide range of grain size, temperature, and solute type and concentration.

Among these specimens, a strong segregation effect on grain boundarycapacitance is expected for

all the grain growth specimens. The actual value of grain boundarycapacitance and resistance,

however, could be sensitive to the cooling schedule because of the solute redistribution. On the

other hand, specimens which have undergone dynamic grain growth and have been quenched

afterwards may not show such an effect if solute breakaway has indeed taken place. The grain

boundary effect can be progressively brought back by annealing at intermediate temperatures

, rendering solute diffusion possible. These aspects will be taken into account in designing and

interpreting the proposed experiment. Special attention will also be paid to ascertain the influence

of grain boundary glassy phase, and, if needed, to use specially prepared specimens free of Si to

avoid the potential complication caused by this impurity.[51]

22

i



IV. REFERENCES

_t_ O tt1. S.J. Bennison and M.P. Harmer, "A History of the Role of MgO in the Sintering of tx-,,_z2 3,
p. 13-49 in Sintering of Advance Ceramics, Eds. C.A. Handwerker, J.E. Blendell and
W.A. Kaysser, Ceramif Transactions V. 7, American Ceramic Society, Westerville, OH
(1990).

2. R.L. Coble and J.E. Burke, "Sintering in Ceramics," Progress in Ceram. Sci., 3, 197-251
(1963).

3. RJ. Brook, "Pore-Grain Boundary Interactions," Y. Am. Ceram. Soc., $2 [1] 56-57 (1969).

4. R.J. Brook, "Controlled Grain Growth," p. 331-64 in Treatise on Material Science &
:_, V. 9, Ed. F.F. Wang, Academic Press, NY, 1976.

5. M.P. Harmer, "Use of Solid-Solution Additives in Ceramic Procesing," p. 679-696 in
Structure and Properties of MgO and A1203 Ceramics, Ed. W.D. Kingery,
_, V. 10, American Ceramic Society, Westerville, OH (1984).

6. D.J. Sordelet and M. Akine, "Sintering of Monosized Spherical Yttria Powders," J. Am.
Ceram. Soc., 71 [12] 1148-53 (1988).

7. S.L. Hwang and I-W. Chen, "Grain Size Control of Tetragonal Zirconia Polycrystals Using
the Space Charge Concept," J.Am. Ceram. Soc., 73 [11] 3269-77 (1990).

8. I.G. Lee and I-W. Chen, "Sintering and Grain Growth in Tetragonal and Cubic Zirconia,"
Sinterine '87. Proc.of 4th Intl. SvrnD.on Science andTechnolotw of Sinterine, November 4-7,
1987, Tokyo, Eds. S. Somiya, M. Shimada, M. Yoshimura,-and R. Watanabe, 1, 340-45
(1988).

9. C. Greskovich and C. O'Clair, "Transparent Sintered Y2.xSrxO3-x/2 Ceramics," Advanced
Ceram. Mater. l [4] 350-55 (1986).

10. C. Greskovieh and K.N. Woods, "Fabrication of Transparent ThO2-Doped Y203," Amer.
Ceram. Soc. Bull., $2 [5] 473-78 (1973).

11. C. Orcskovich and J.P. Chemoeh, "Polyerystalline Ceramic Lasers," J. Appl. Phys., 44 [10]
4599-4606 (1973).

12. C. Greskovieh and J.P. Chemoeh, "Improved Polyerystalline Ceramic Lasers," ./. Appl. Phys.,
45 [10] 4495-4502 (1974).

13. P.J. Jorgensen and K.C. Anderson, "Grain Boundary Segregation and Final Stage Sintering of
Y203," J. Am. Ceram. Soc., $0 [11] 553-58 (1967).

14. C.D. Greskovieh and C.K. O'Clair, "Strontium-Containing Yttria Oxide Ceramic Body,"
U.S. Patent No. 4,769,353, (1988).

15. C.D. Grcskovich and C.K. O'Clair, "Yttrium Oxide Ceramic Body," U.S. Patent No. 4,755,492
(1988).

!
-, 23

,, , , , ,,, ,_ .... • , .... ,, ,,, lrm



16. D.A. Cusano, C.D. Greskovich and F.A. DiBianca, "Method for Sintering High Density
Yttria-Gadolinia Ceramic Scintillators," U.S. Patent No. 4,518,545 (1985).

17. J.D. Eshelby, E. Newey, P. Pyatt and A. Lidiard, "Charged Dislocations and the Strength of
Ionic Crystals," Phil. &lag., 3575-89 (1958).

18. K.L. Kliewer and J.S. Koehler, "Space Charge in Ionic Crystals, I. General Approach with
Applications to NaCI," Phys. Rev., 140 [4AI A1226-40 (1960).

19. M.F. Yan, R.M. Cannon and H.K. Bowen, "Space Charge, Elasticity Field and Dipole
Contribution to Equilibrium Solute Segregation at Interfaces," J. Appl. Phys., 54 [2] 764-78
(1983).

20. M.F. Yah, R.M. Cannon, and H.K. Bowen, "Grain Boundary Migration in Ceramics,"
p. 276-307 in Ceramic Microstructure '76, Eds. R.M. Fulrath and J.A. Pask, Westview Press,
Boulder, CO, 1977.

21. A.S. Nowich, "Atomic Transport in Oxides of the Fluorite Structure," in Diffusion_in
.CrystallineSolids, p. 143-187, Eds. G.E. Murch and A.J. Nowick, Academic Press (1984).

22. R. Gerhardt-Anderson and A.S. Nowiek, "Ionic Conductivity of CeO2 with Trivalent Dopants
of Different Ionic Radii," Solid State Ionics, 5, 547-50 (1981).

23. D.H. Hohnke, "Ionic Conductivity in Doped Oxides with the Fluorite Structure," Solid State
Ionics, 5, 531-34 (1981).

24. R. Gerhardt, F. Zamani-Noor, A.S. Nowick, C.R.A. Catlow and A.N. Cormack, "Study of
Sc203-Doped Ceria by Anelastic Relaxation," Solid State Ionics, 9.10, 931-36 (1983).

25. V. Butler, C.R.A. Catlow, B.E.F. Fender and J.H. Harding, "Dopant Ion Radius and Ionic
Conductivity in Ceria Dioxide," Solid State Ionics, 8, 109-113 (1983).

26. A.N. Cormack, C.R.A. Catlow and A.S. Nowick, "Theoretical Studies of Off-Centered Sc
Impurities in CeO2," J. Phys. Chem. Solids, 50, 177-81 (1989).

27. C.R.A. Catlow, A.V. Chadwick, G.N. Greaves and L.M. Moroney, "EXAFS Study of Yttria-
Stabilized Zirconia," J. Am. Ceram. Soc., 69 [11] 272-77 (1986).

28. P. Li, I-W. Chen, J.E. Penner-Hahn and T.Y. Tien, "X-ray Absorption Studies of Ceria with
Trivalent Dopants," J. Am. Ceram. Soc., 74 [5] 958-67 (1991).

29. P. Li, "X-ray Absorption Studies of Zirconia Solid Solutions," Ph.D. Thesis, Department of
Materials Science & Engineering, University of Michigan, August, 1992.

30. J. Faber, M.A. Seitz and M.H. Mueller, "Defect Characterization in CeO2.x at Elevated
Temperatures, I: X-ray Diffraction," J. Phys. Chem. Solids, 37, 903-7 (1976).

31. J. Faber, M.A. Seitz and M.H. Mueller, "Defect Characterization in CeO2._t at Elevated
Temperatures, II: Neutron Diffraction," J. Phys. Chem. Solids, 37,909-15 (1976).

32. I.K. Naik and T.Y. Tien, "Small Polaron Mobility in Nonstoichiometric Cerium Dioxide,"
J. Phys. Chem. Solids, 38, [3] 311-15 (1978).

24

r, , II II, , ..... ,



33, I.K. Naik and T.Y. Tien, "Electrical Conduction in Nb2Os-Doped Cerium Dioxide,"
J. Electrochem. Soc., 126, [4] 562-66 (1979).

34. C. Brecher, G.C. Wei and W.H. Rhodes, "Point Defects in Optical Ceramics: High
Temperatures Absortion Processes in Lanthana-Strengthened Yttria," J. Am. Ceram. Soc., 73
[6] 1473-88 (1990).

35. H.J. Rossell, "Ordering in Anion,Deficient Fluorite-Related Oxides," Adv. Ceram., 3, 47-63
(1981).

36. I-W. Chen and L.A. Xue, "Development of Superplastic Structural Ceramics," J. Am. Ceram.
Soc., 73 [9] 2585-2609 (1990).

37. D.S. Wilkinson, "Grain Size Effects in Superplasticity, " pp. 6.1-6.6 in SuoerDlasticitv,
Chapter 6, Eds. B. Baudelet and M. Suery, Centre National de la Recherche Scientifi-que,Paris,
France (1985).

38.K.P.D.Lagerlof,B.J.Pletka,T.E.MitchellandA.H.Heuer,"DeformationandDiffusionin
Sapphirea-AI203,"Rad.Efr.,74,87-107(1983).

39. R.K.BordiaandG.W.Scherer,"ConstrainedSintering,H:RigidInclusions,"AczaMetall.,36,
[9]2411-16(1988).

40. W.H.Tuan andR.J.Brook,"AssessmentMethodfortheSinterabilityofMatricesinCeramic
Composites,"p.733-44inSinteringof AdvancedCeramics,Eds.C.A.Handwerker,
J.E.BlendeII,andW.A. Kaysser,_eramicTransactions.V.7,AmericanCeramicSociety,
Westerville,OH, 1990.

41. M.D. Sacks,andT.Y.Tseng,"PreparationofSiO2C,;lassforModelPowderCompacts,III:
Sintering,"J.Am. Ceram.Soc.,67[8]532-37(1984).

42. M.D. Sacks,and S.D.Vora,"PreparationofSiO2GlassforModelPowderCompacts,IV:
EnhancedDensificationbySolInfiltration,"J.Am.Ceram.Soc.,71[4]245-49(1988).

43.T.S.Yeh andM.D.Sacks,"Low TemperatureSinteringofAluminumOxide,"J.Am. Ceram.
Soc.,71 [I0]841-44(1988).

44. C.P.CameronandR.Raj,"GrainGrowthTransitionDuringSinteringofColloidallyPrepared
AluminaPowderComposites,"J.Am. Ceram.Soc.,71 [12]1031-35(1988).

45.D.J.Sordeletand M.Akine,"SinteringofMonosized,SphericalYttriaPowders,"J.Am.
Ceram.Soc.,71 [12]1148-53(1988).

46. G.N.Hassold,I-W.ChenandD.J.Srolovitz,"ComputerSimulationofFinalStageSintering,
I:Model,KineticsandMicrostructures,"J.Am. Ceram.Soc.,73[I0]2857-64(I990).

47. G.N.Hassold,I-W.ChenandD.J.Srolovitz,"ComputerSimulationofFinalStageSintering,
II:InfluencesofInitialPoreSize,"J.Am. Ceram.Soc.,73[10]2865-72(1990).

48. J.E.Baverle,"StudyofSolidElectrolytePolarization,"J.Phys.Chem.Solids,30,2657-70
(1969).

_| 25



49. J.A. Kilner and R.J. Brook, "A Study of Oxygen Ion Conductivity in Doped Non-
Stoiehiometrie Oxides," Solid State Ionics, 6, 237-252(1982).

50. K. El Adham and A. Hammou, "Grain Boundary Effect on Ceria Based Solid Solutions," Solid
State Ionics, 9 & 10, 903-12 (1983).

51. E.P. Butler, R.K. Slotwinski, N. Bonanos, J. Drennan and B.L.H. Steele, "Mierostructural-
Electrical Property Relationships in High Conductivity Zirconias," p. 572-584 in Science and
Technology of Zirconia, Eds. N. Claussen, M. Rtihle, and A.H. Heuer, Advances in Ceramics,
V. 12, American Ceramic Society, Westerville, OH (1984).

52. S. Rajendran, J. Brennan and S.P.S. Badwal, "Effect of Alumina Additions on the Grain
Boundary and Volume Resistivity of Tetragonal Zirconia Polycrystals," J. Mater. Sci. Lea., 6
1431-34 (1987).

53. J. Drennan and S.P.S. Badwal, "The Influence of A1203 Additives to Yttria Containing
Tetragonal Zirconia Polycrystals (Y-TZP): A Mierostructural and Electrical Conductivity
Study," p. 807-17 in Advances in Ceramics. V. 24. Science and.Technology of Zirconia III,
Eds. S. Somiya, N. Yamanoto and H. Yanagide, American Ceramic Society, Westerville, OH,
(1988).

54. D.Y. Wang, D.S. Park, J. Griffith and A.S. Nowick, "Oxygen Ion Conductivity and Defect
Interactions in Yttria Doped Ceria," Solid State Ionics, 2 95-105 (1981).

V. EQUIPMENT AND FACILITIES

$.1 The Ceramic Laboratory

Excellent equipment and facilities currently exist in the laboratories of the ceramic group under

Professor Chen. They provide almost ali the essential processing capabilities for oxides, nitrides

and carbides and offer outstaading analytical and mechanical testing facilities especially suited for

structural ceramic research. A large part of the equipment and facilities were purchased during the

last two and half years, with funds from several major equipment grants from DOE, NSF and

AFOSR totaling $800,000. In addition, the University has cost-shared a total of $200,000 and has

provided Professor Chen $300,000 when he joined the Department in 1986. Major items are listed

below:
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A. Furnaces ;andHot Press

• Centorr M60 High Vacuum Physical Testing Furnace (2200°C) with tungsten mesh heating

elements, physical test kit, hot rods and dies for tension, compression, and extrusion;

o Astro HP-,1560-FP20 Hot Press (2200°C) with graphite heating elements for vacuum and inert

gases, Honeywell proganm'mble temperaturecontrol;

• Centorr EP Elevated Pressure Furnace (2200°C) with graphite heating elements, operating

pressure up to 1500 PSIG in inch gases;

• Astro 1000-4560 Graphite Furnace (2200°C) for vacuum and inch gases with programmable

temperature control;

• Several super-Kanthal furnaces (1700°C), two platinum furnaces (1500°C), assorted furnaces for

lower temperatures;

• Several pyrometers, including an h-con 7000 infrared radiation thermometer with electrical output

for closed=loop control;

• Vacuum Tube Industry KC=MC Dual Frequency Induction Generator (20 kw); and

• IPS Hot Isostatic Press (2000°C) with a graphite, a molebedenum, and a Ni-Ct furnace for

pressures up to 200 MPa.

B. AnalyticalandPowderPrcnaration

• Fully computerized Rigaku rotating anode X=ray spectronleter with high temperature (1300°C)

and cryogenic temperature (77°K) chamber, pole figure goniometer,

• Fully computerized Netzsch STA 409 Simultaneous TG-DTA (I 600°C);

• HP 4192A LF Impedcnce Analyzer (5Hz to 13MHZ);

• Micromeritics 5000ET Sedigraph particle size analyzer,

= • Micromeritics Model 9310 Mercury Intrusion Pore Sizer with computerized data acquisition

system;

• YamatoModelGA-21 SprayDryer;,

• ThetaModel1600CDilatrondilatomcter,
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• Micromeritics 2100 surface area analyzer;

• Brooldleld Cone-Plate Viscometer

• Autoclave Engineering MAWP Isostatic Press (410 MPa);

• Harig 612 Autostep Surface Grinder with numerical control; and

• Assorted powder preparation attrition mills, ball mills, homogenizers, centrifuge, analytical and

wet chemical instruments.

C. Mechanical Testing

• Two fully instrumented and computer-controlled MTS 810 Servohydraulic Testing Machines

with hydraulic grips, high temperature extensometers, several high resolution extensometers with

16 bit high resolution data acquisition systems;

• One fully instrumented and computer-controlled Instron Model 1335 Servohydraulic Test

Machine mounted with a high pressure (800 MPa) vessel, triaxial test fixtures, internal load cells

and wire-wound furnaces, fluid and gas pressurization capabilities up to 1400 MPa;

• One fully instrumented, computer-controlled, el¢ctrom¢chanically actuated Instron Model 1362

Test Machine with fixtures for tension, compression, three-point and four-point bending, and

biaxial sheet-forming for ceramics up to 1450°C, swing-arm mounted with two physical testing

furnaces with platinum and molybdenum heating elements; and

• Zwick Microhardness Tester, and

• Assorted electronics, oscilloscopes, and meters for electrical, acoustic and gamma-ray

measurements.

$.2 Department of Materials Science and Engineering and Electron Microscopy Analysis
Laboratory (EMAL)

Excellent analytical and characterization facilities, including three state-of-the-an electron

microscopes purchased in the last two years, are available in the Department and in the University

laboratory EMAL. Ceramic students and staff have been major users of these facilities which are
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located in close vicinity to the ceramic laboratories. A partial list of major equipment relevant to the

present research is given below:

• JEOL JEM-2000FX analytical scanning electron microscope equipped with Tracer-Northern

high angle (30 mm2) and horizontal light element thin window EDS detectors (30 mm2), Gatan

parallel EELS, and Tracer-Northern 5500 data analysis systems;

• JEOL JEM-4000EX high resolution electron microscope equipped with a Gatan 622 JAG image

intensifier system with capabilities of 0.17 nm point-to-point resolution;

• JEOL JEM-100CX analytical STEM, with capabilities for high resolution (0.2 nm line) imaging,

SAD, EDS, CBED, EELS, electron channeling;

• Two Hitachi Models $520 and $800 microprocessor-based SEM's with XEDS, computer

controlled with signal digitizers, low voltage imaging capabilities (500V);

• CAMECA MBX electron microprobe analyzer with KEVEX 8000 EDS;

• TEM specimen preparation facilities: Technics, Inc. micro-ion milling unit, Struers Tenupol

thinning apparatus and cut-off machine, Southbay Technologies backthinning apparatus, and

VCR D-500 dimpler;

• Pm'kin Elmer Phi 5400 series ESCA/XPS;

• Fully instrumented and computerized Perkin-Elmer FTIR;

• Nikos hot-hardness tester; and

• Ali necessary optical microscopy facilities.

VI. PERSONNEL

The program will be directed by Professor l-Wei Chen. He will be assisted by three graduate

students. Professor Chen has extensive expertise in materials research. In recent years, he has

been mostly interested in structural ceramics and has devoted his attention to developing a

eomprebensive approach which integrates crystal chemistry, alloy design, advanced powder
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processing, microstructure and property characterization, and mechanistic modelling to explore

novel ceramics. The research proposed here is in line with his current interest and thrust of

research. He will be assisted by three full-time graduate students who will be working on (a) grain

growth experiments and powder development; (b) sintering studies and modeling/computer

simulation; and (e) AC impedence spectroscopy investigation of grain boundary electrical behavior

and STEM analysis. Their research in these areas is expected to lead to three Ph.D. theses.

Partial support (20%) is also requested for a secretary to work full time for Professor Chen.

She will be responsible for assisting Professor Chen on managing the program and on preparation

of reports and publications.

VII. PREVIOUS RELATED WORK OF THE PRINCIPAL INVESTIGATOR

The following papers, which have been presented by Professor Chert and his coworkers in the

Annual Meetings of the American Ceramic Society during the last two years, are representative of

their recent work in ceramics. Abstracts of the presentations were published in the conference

abstract books in 1991 and 1992.

A. Pa_rs Presented at the 93rd Annual Meefin_ of The American CeramicSociety (May 1991_:

1. "X-ray Absorption Studies of ZrO2 with Trivalent Dopants," P. Li, I-W. Chen,
J.E. Penner-Hahn and T.Y. Tien.

2. "Alumina-Aluminate Platelet Composite Materials," P-L. Chen and I-W. Chen.

3. "Crack-Tip Fields for Transformation Toughened Materials," J. Pan and I-W. Chen.

4. "Solute Effect on the Grain Growth of CeO2," L.A. Xue and I-W. Chen.

5. "Control of Grain Boundary Pinning in AI203/ZrO2 Composites with Ce3+/Ce4+Doping, ''
L.A. Xue, K. Meyer, and I-W. Chen.

6. "Shear-Thickening Creep in Glass Containing Silicon Nitrides," S-L. Hwang and I-W. Chen.

7. "Transient-Liquid Aided Superplastic Forming of Silicon Nitrides," S-L. Hwang and
I-W. Chen.
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8. "Formabilityof SuperplasticSi3N4inUniaxialand BiaxialDeformation,"X. Wu and
I-W.Chen.

9. "SupcrplasticMulliteViaTransientPhaseProcessing,"L.A.Xuc andI-W.Chen.

I0. "UniaxialTension-CompressionCyclicFatigueofAlumina,"L.].MalczcwskiandI-W.Chen.

II. "CyclicFatigueofYttria-StabilizedZirconiaandMagnesia-StabilizedZirconia,"S-Y.Liuand
I-W.Chen.

12."TheRoleofR-CurveandK-aCurveontheFatigueFractographyofMonolithicCeramics,"
S-Y.LiuandI-W.Chen.

B. l_a_tm'sPresented in the94th Annual Meeting of The American CeramicSociety (April 1992_):

I."ReactiveCeO2 Powdersby theHomogeneous PrecipitationMethod,"P.L.Chen and
I-W.Chen.

2. "SoluteEffectonGrainGrowthinY203 andCeO2 Systems,"P.L.ChenandI-W.Chen.

3. "A New SiCwReinforcedLithiumAluminosilicateComposite,"L.A.Xuc andI-W.Chert.

4. °'SupcrplasticAluminaatTemperatureBelow1300°C,"L.A.XueandI-W.Chcn.

5. "X-RayAbsorptionStudiesofPMN-PZN Relaxers,"P.Li,S.Y.ChenandI-W.Chcn.

6. "TheEffectsofAluminaContentontheTransformationPlasticityandR-CurveBehaviorsof
Ce-TZP/AI203Composites,"J.S.CherngandI-W.Chen.

7. "ReactiveSinteringCharacteristicsofSi3N4withLiquidTrappingInclusions,"S.L.Hwang
andI-W.Chen.

8. "MicrostructurcsofSupcrplasticSiliconNitrides,"S.L.Hwang andI-W.Chen.

9. "PlasticityInducedFatigueDamageinCe-TZP,"S.Y.LiuandI-W.Chen.

10."EnvironmentalandMechanicalConu'ibutionstoCyclicand StaticFatigueinSi3N4and
A1203,"D.JacobsandI-W.Chen.

11. "CrackPropagationof a High StrengthSi3N4 at 1400°C Under Creepand Fatigue
Conditions,"X.Wu, T-S.Sheu,T.Y."rienandI-W.Chen.

12. "CrystalChemistryStudiesofZrO2SolidSolutionsbyEXAFS," P.Li,J.E.Penner-Hahn,
T.Y.'rienandI-W.Chen.

13."DeformationandFractureofTwo-PhaseCeramicsatElevatedTemperatures,"I-W.Chen.

14. "XAS:A ProbetoLocalAtomicandElectronicSu'ucturcsofCeramics,"P.LiandI-W.Chen.
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VIII. RESUME OF THE PRINCIPAL INVESTIGATOR

I.WEI CttEN

Position Professor (199G-present)
Departmentof Materials Science & Engineering
University of Michigan, Ann Arbor
Tel: 313-763-6661
Fax: 313-763-4788

Education Ph.D. Metallurgy, Massachusetts Institute of Technology (1980)
Thesis: "Creep Cavitation in Type 304 Stainless Steel"

M.S. Physics, University of Pennsylvania, Philadelphia

B.S. Physics, NationalTsinghuaUniversity, Taiwan

Employment Associate Professor (1986-1990)
Department of Materials Science & Engineering
University of Michigan

Assistant Professor (1980-1986)
Departmentof Nuclear Engineering &
Department of Materials Science and Engineering
Massachusetts Institute of Technology

Scientific Societies Fellow of The American Ceramic Society
Member of The Ceramic Society of Japan, The American Physical

Society and The Metallurgical Society of AIME

I-Wei Chen is best known for his work on phase transformation and mechanical properties of
ceramics and metals. His thesis on stainless steel under Professor A.S. Argon and the subsequent
research have been cited often in the literature of creep and creep fracture. Since 1983 he has
reported a series of in-situ HREM small particle experiments on zirconia, which established the
mechanisms for nucleation and growth of martensitic transformation. He also introduced high
pressure testing techniques to studies of zireonia ceramics; such work hasconstitu!ed muchof the
current basic understanding of zireonia transformationplasticity. At mc omvers_ty or aa_cmgan,
his group has been investigating processing and properties of brittle solids broadly, including
fracture, fatigue, sintering, grain growth and atomic structure. It has also developed a series of
ultrafine-grained ceramics which exhibit remarkable superplastic behavior (zirconia, alumina,
mullite, silicon nitride and their composites). In addition to his experimental work, Professor Chen
is interested in theoretical and computer modelling of complex phenomena in micromechanics,
kinetics and microstructure. He served for The American Ceramic Society as ProgramChairof the
Basic Science Section during 1989-1990 and is currently an Associate Editor of the Journal of the
American Ceramic Society.
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Courses Taught (since July 1986)
1. Underaraduate Coursesv

MSE 250: Principles of Engineering Materials
MSE 350: Structureand Properties of Materials(with W.F. Hosford and R.E. Robcrtson)
MSE 440: Ceramic Materials

2. GraduateCourses
MSE 552: Reactions in CeramicProcesses
MSE 553: Structuresof Ceramic Compounds
MSE 554: Propertiesof Ceramic Compounds
MSE 574: High TemperatureMaterials
MSE 620: Phase Transformationsin Solids

Ph.D. Thesis Supervised
1. "Nucleation and Growth Processes of Martensitic Transformation in ZrO2 Particles,"

Y.H. Chiao, 1986.
2. "An Experimental Study of Constitutive Relations of Transformation Plasticity in Zirconia

Based Ceramics," P.E. Reyes-Morel, 1986.
3. "SuperplasticFlow of Mullite-Zirconia Composites," C.K. Yoon, 1990.
4. "Mixed Valence Niobium (IV,V) Perovskite Solid Solutions and Phase Relations, Crystal

Chemistry,Electrical andMagneticProperties,"SJ. Keating, (co-chairedwith T.Y. Tien) 1992.
5. "Deformation Processing of Ceramics," X. Wu, 1991.
6. 'Tatigue of Zirconia Ceramics,"S-Y. Liu, 1992.
7. "Transformation Toughening in Ce-stabilized Zirconia,"J.S. Chemg, 1992.
8. "Superplasticity and Shear Thickening in Sialon Ceramics," S.L. Hwang, expected in 1992.
9. "Near Edge and Extended X-ray Absorption Fine Structure Studies of Ceria and Zirconia

Compounds," P. Li, expected i992in(co-chaired with T.Y. Tien).

M.S. Thesis Supervised
1. "MagneticEffectonPhaseTransformationinFe-CrAlloys,"E.Faillace,1984.
2. "CreepCavitationinAstrolloy,"M.Capano,1984(co-chairedwithA.S.Argon).
3. "TheEffectofSoluteSegregationonVoidNucleation,"A.Taiwo,1985.
4. "Deformationof Magnesia-Partially-StabilizedZirconiaUnder TriaxialCompression,"

P.E.Reyes-Morel,1985.
5. "FatigueCrackPropagationinSiliconNitride,"D.Jacobs,1991.
6. "C_c-Metal Comi)ositesManufacturedbyMeltInfiltration,"M.Y.Yoon,1991.
7. "Alumina-PlateletAluminateComposites,"P.L.Chen,1991.
8. "UniaxialTension-CompressionCyclicFatigueofAlumina,"L.J.Malczewski,1991.
9. "DryingCracksinBaTiO3ThinFilmfromMetalOrganicSolutions,"S.Y.Chen,expected,

1992.

Publications

1. I-W. Chen and A.S. Argon, "Grain-boundary and Interface Boundary Sliding in Power Law
Creep," Acta Metallurgica, 27, 749-754 (1979).

2. I-W. Chert and A.S. Argon, "Sieady State Power Law Creep in Heterogeneous Alloy with
Coarse Microstructures," Acta Metallurgica, 27, 785-791 (1979).
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3. A.S. Argon, I-W. Chen and C.W. Lau, "Intergranular Cavitation in Creep," in Creeo Fatigue
]aCr.gc.lifl_, Eds. R.M.N. Pelloux and N.S. Stoloff, AIME, 46-85 (1979).

4. A.S. Argon, I-W. Chen and C.W. Lau, "Mechanics and Mechanisms of Intergranular
Cavitation in Creeping Alloys," in Three Dimensional Constitutive Relations and Ductile
_Frafture,Ed. S. Namat-Nasser, North Holland Pub., 23-49 (1980).

5. M.P. Cleary, I-W. Chen and S-M. Lee, "Self-consistent Techniques for Heterogeneous
Media," J. Engineering Mechanics, ASCE, 106, 861-887 (1980).

6. I-W. then and A.S. Argon, "creep Cavitation in 304 Stainless Steel," Acta MetaUurgica, 29,
1321-1333 (1981).

7. I-W. Chen and A.S. Argon, "Diffusive Growth of Grain-boundary Cavities," Acta
MetaUurgica, 29, 1759-1768 (1981).

8. I-W. then and A.S. Argon, "Nucleation and Growth of Intergranular Cavities During Crop of
Type 304 Stainless Steel," in Creeo and Fractureof Engineering Materials, Eds. B. Wilshire
and D.R.J. Owen, Pinerage Press, :_89-302 (198i).

9. I-W. Chen, "Migration-assisted Diffusional Creep by Grain-boundary Diffusion," Acta
Metallurgica, 30, 1317-1323 (1982).

10. I-W. Chen, "Diffusional Creep in Two-Phase Materials," Acta Metallurgica, 30, 1655-1664
(1982).

11. I-W. Chen, "Mechanisms of Cavity Growth in _eep," Scripta Metallurgica, 17, 17-22 (1983).

12. I-W. Chert, "Irradiation Induced Segregation in Concentrated Alloys," J. Nuclear Materials,
116, 249-259 (1983).

13. I-W. Chen and Y-H. Chiao, "Martensitic Nucleation in ZrO2," Acta Metallurgica, 31,
1627-1638 (1983).

14. I-W. Chen, "Cavity Growth on a Sliding Grain Boundary," Metallurgical Transactions, 14A,
2289-2293 (1983).

15. I-W. Chert, "Effects of Boundary Mobility and Phase Equilibrium on Kinetic Processes of
Multi-component Polyphase Ceramics," in Advances in Ceramics, Eds. M.F. Yan and
A.H. Heuer, American Ceramic Society, 6, 224-235 (1983).

16. I-W. Chen, E. Faillace and A.P. Miodownik, "The Effect of a Magnetic Field on Phase
Transformations in F¢Cr Alloys," in Ferritic SIeels in Nuclear Technolo_es, Eds. J.W. Davis
and D.J. Michel, AIME, 51%524 (1984).

17. I-W. Chen, "Magnetic Field Induced Growth of Ferromagnetic Materials Under Irradiation,"
in Ferritic Steels in Nuclear Technologies, Eds. J.W. Davis and D.J. Michel, AIME, 525-531
(1984).

18. I-W. Chen and Y-H. Chiao, "Martensitic Nucleation in ZrO2 and HfO2 - An Assessment of
Small Particle Experiments with Metal and Ceramic Mamees," in Advani_es in Ceramics,
Eds. N. Claussen, M. RUhleand A.H. Heuer, American Ceramic Society, 12, 33-45 (1984).

34



19. I-W. Chen, "Anisotropic Diffusion of Point Defects to an Edge Dislocation," J. Nuclear
Materials, 125, 52-63 (1984).

20. I-W. Chert and M.H. Yoo, "Creep Cavitation under Interface Segregation," Acta Metallurgica,
32, 1499-1508 (19,_4).

21. I-W. Chen, "Irrad:ation Growth Dt,e to Magnetodiffusion," J. Nuclear Materials, 133 & 134,
435-438 (19oa/.

22. E. Faiiiace and I-W. Chen, '"The Effects of a Strong Magnetic Field on Age-hardening of Iron-
__zomJurn Alloys," J. N,zc!ear Materials, 133 & 134, 343-346 (1985).

23. I-W. Chert and Y-H. Chiao, "Theory and Experiment of Martensitic Nucleation in
ZtO2-contain_.ng Ceramics and Ferrous Alloys," Acta MetaUurgica, 33, 1827-1845 (1985).

24. I-W. Chert, Y-_H. Chiao and K. Tsuzaki, "Statistics of Martensitic Nucleation," Acta
Metallurgica, 33, 1847-1859 (1985).

25. I-W. Chen and Ademola Taiwo, "Nucleation of Voids--The Impurity Effect," in [_,.ggdJQg_
of the Twelfth Internr.tional Symposium orl lhc: Effects of Rpdiation on Materials,
Eds. F.A. Garner and J.S. Perrin, Anieriean Society Testing and Materials, ASTM-STP, 870,
507-524 (1985).

26. I-W. Chen, "Superplastic Flow _f Two-phase Alloys," in Su_ncrp_lasticity, Eds. B. Baudelet and
M. Suery, Editions du CNRS, Paris, 5.1-5.20 (1985).

27. I-W. Chert, "Mechanisms of Transformation and Transformation Plasticity in ZrO2-containing
Ceramics," in Zirconia Cer;:mics 4, Eds. S. Somiya and M. Yoshimura, Tokyo Institute of
Technology, 55-79 (1985).

28. Y-H. Chiao and I-W. Chen, "L,z-SituTEM Observations of the Structures and Mig_'ationof
Martensitic Interface in S.--aallZrO2 Particles," in Grairl and Boundary Structure and Related
_, Suppl. Trard Japan Inst. Metals, 27, 197-203 (1986).

29. I-W. Chert, "Implications of Trar_..sformationPlasticity on Fracture Conra'olof 7a02 Ceramics,"
in Zireonia Ceramics 7, Eds. S. Somiya and M. Yoshimura, Tokyo Institute of Technology,
49-63 (1986).

30. I-W. Chen and Y-H. Chiao, "Martensitic Nucleation in Small ZrO2 Panicles," in
Tr_nsiticas in Condensed_ystems: Ex_riments and Theory,_Eds. C.S. Cargill. F. Spaepen
and K.N. Te, Symposium Procee_:iingseries, 57, 149-158 (1986).

31. I-W. Chert, "Quasi-static Inte,-granular Brittle Fracture at 0.5 Tm- A Non-equlibrium
Segregation Mechanism of Sulphur Embrittlement in Stress-Re!icf Crack of Low Alloy
Steels," Acta Metallurgica, 34, 1335-1349 (1986).

32. I-W. Chen and P.E. Reyes-Morel, "Implications of Transformaf, on Plasticity in ZrO2-
.: containing Ceramics: I. Shear and Dilatancy Effects," J. American Ceramic Society, 69,
, 181-189 (1986).

' 33. I-W. Chen, "Implications of Transformation Plasticity in ZrO2-Containing Ceramics: II.
i Elastic-Plastic Indentation,"J. American Ceramic Society, 69, 189-194 (1986).

35
s



34. K.J. Bowman, P.E. Reyes-Morel and I-W. Chen, "Reversible Transformation Plasticity in
Uniaxial Tension Compression Cycling of Mg-PSZ," in Advanced Structural Ceramics,
Eds. P.F. Becher, M.V. Swain and S. Somiya, MRS Symposium Proceedings Series, 78,
51-58 (1987).

35. P.E. Reyes-Morel and I-W. Chen, "Transformation Plasticity and Transformation Toughening
in Mg-PSZ andCe-TZP," in Advanced SmacturalCeramics,Eds. P.F. Becher, M.V. Swain and
S. Somiya, MRS Symposium Proceedings Series, 78, 75-88 (1987).

36. I-W. Chen, "A Stochastic Theory of Grain Growth," Acta Metallurgica, 35, 1723-1733
(1987).

37. I-W. Chen, S. Keating, C.Y. Keating, X. Wu, J. Xu, P.E. Reyes-Morel and T.Y. Tien,
"Structural Behavior and Superconductivity of YBa2Cu3Ox," Solid State Communications, 63
[11] 997-1001 (1987).

38. I-W. Chen, S. Keating, C.Y. Keating, X. Wu, J. Xu, P.E. Reyes-Morel and T.Y. Tien,
"Superconductivity and Tailoring of Lattice Parameters of the Compound YBa2Cu3Ox,"
Advanced Ceramic Materials, 2,457-470 (1987).

39. I-W. Chen, X. Wu, S. Keating, C.Y. Keating, P. Johnson andT.Y. Tien, "Texture Development
in YBa2Cu3Ox by Hot Extrusion andHot Pressing," J. of American Ceramic Society, 70 [12]
C388-390 (1987).

40. I-W. Chen and P.E. Reyes-Morel, "A Comparative Study of Transformation Plasticity and
Transformation Toughening in Mg-PSZ and Ce-TZP," in Advanced Ceramics II,
Ed. S. Somiya, Elsevier Applied Science, NY, 89-104 (1988).

41. P.E. Reyes-Morel and I-W. Chen, "Transformation Plasticity of Ce-TZP I: Stress Assistance
and Autocatalysis," J. of American Ceramic Society, 71 [5] 343-53 (1988).

42. P.E. Reyes-Morel, J-S. Cherng and I-W. Chen, "Transformation Plasticity of Ce-TZP II:
Pseudoelasticity and Shape Memory Effect," J. of American Ceramic Society, 71 [8] 648-657
(1988).

43. K.J. Bowman and I-W. Chen, "Texture from Deformation of Zirconia-containing Ceramics,"
in Proceedines of Eiehth International Conference on Textures of Materials, TMS-AIME,
Eds. J.S. Kal[end and-G. Gottstein, 811-816 (1988).

44. I.G. Lee and I-W. Chert, "Sintering and Grain Growth in Tetragonal and Cubic Zirconia,"
Sinterin_ '87. Proceedings of 4rh International Svmoosium on Science and Technology of
_i11_, November 4-7_ 1987, Tokyo, Japan, Eds. S. Somiya, M. Shimada, M. Yoshimura
and R. Watanabe, 1, 340-345 (1988).

45. C.M. Hwang, T.Y. Tien and I-W. Chert, "Anisotropic Grain Growth in Final Stage Sintering of
Silicon Nitride Ceramics," Sintering '87. Proceedings of 4rh International Svmtmsiumon
Science and Technology of Sintering, November 4-'/, 1987, Tokyo, Japan, Eds. S. Somiya,
M. Shimada, M. Yoshimura and R. Watanabe, 2, 1034-1039 (1988).

46. B.S. Li, J.S. Cherng, K.J. Bowman and I-W. Chen, "On Domain Switching as a Toughening
Mechanism in Tetragonal Zirconia," J. of American Ceramic Society, 71 [7] C362-364 (1988).

-i

_i 36

I



l

47. P.E.Reyes-Morel,X. Wu and I-W. Chcn,"DeformationCharacteristicsof Textured
Bi2Srl5Cal5Cu208+xandYBa2Cu306+x Polycrystals,"inCeramicSuoerconductorsII:
ResearchUpclatc,Ed.M.F.Yan,AmericanCeramicSociety,43-50(1988).-

48. S.Keating,I-W. Chen and T.Y.Tien,"Decompositionand Low TemperaturePhase
RelationshipofYBa2Cu306+xPrecursors,"inCeramicSu_rconductorsH:ResearchUpdate,
Ed.M.F.Yan,AmericanCeramicSociety,590-597(1988).

49. I-W.Chen andK. Bowman, "DynamicFatigueTestingofAdvancedStructuralCeramics,"
ClosedLoops,17[I]3-8,MTS SystemCorp.(1988).

50. S.K.Samanta,I-W.Chen,X.Wu andT.Y.Tien,"ManufacturingofHighTc Superconducting
CeramicWiresbyHotExtrusion,"CIRPAnn.,37[l]259-261(1988).

5I.M.C.,apano,A.S.ArgonandI-W.Chen,"CreepCavitationinAstroloy,"ActaMemllurgica,37
[12] 3195-3204 (1989).

52. C.K. Yoon and I-W. Chen, "Superplastic Flow of Mullite-TZP Composites," Ceramic Trans.
V. 6. Mullite and Mullite Matrix Composites, Eds. S. Sorniya,R. Davis andJ. Pask, p. 567-77,
AmericanCeramicSociety,(I990).

53. X. Wu and I-W.Chen,"SupcrplasticBulgingofa YttTia-StabilizedTetragonalZirconia,"
J.ofAmericanCeramicSociety,73[3]146-9(1990).

54. P.E.Reyes-Moreland I-W.Chen,"StressBiasedAnisotropicMicrocrackinginZirconia
Polycrystals,"J.ofAmericanCeramicSociety,73[4]I026-33(1990).

55. C.M. Hwang and I-W.Chcn,"Effectofa LiquidPhaseon Superplasticityof2m/oY203-
StabilizedTetragonalZirt.aniaPolycrystals,"J.ofAmericanCeramicSociety,73[6]1626-32
(1990).

56. C.K. Yoon and I-W. Chen, "Superplastic Flow of Two-Phase Ceramics Containing Rigid
InclusionsmZirgoni_Mullite Composites," J. of American Ceramic Society, 73 [6] 1555-65
(1990).

57. Y-H. Chiao and I-W. Chen, "Martensitic Growth in ZrO2--An in-situ, Small Particle, TEM
Study of a Single Interface Transformation," Acta Metallurgica, 38 [6] 1163-74 (1990).

58. I-W. Chen and L.A. Xue, "Development of Superplastic Structural Ceramics," J. of American
Ceramic Society, 73 [9] 2585-2609 (1990).

59. G.N. I-lassold, I-W. Chen and D.J. Smlovitz, "Computer Simulation of Final Stage Sintering I:
Model, Kinetics and Microstructure," J. of American Ceramic Society, 73 [10] 2857-64
(1990).

60. I-W. Chen, G.N. Hassold and D.J. Srolovitz, "Computer Simulation of Final Stage Sintering
II: Influence of Initial Pore Size," J. of American Ceramic Society, 73 [10] 2865-72 (1990).

61. S.L. Hwang and I-W. Chen, "Grain Size Control of Tetragonal Zirconia Polycrystals Using
the Space Charge Concept," J. of American Ceramic Society, 73 [11] 3269-77(1990).

62. L.A. Xue and I-W. Chen, "Deformation and Grain Growth of Low Temperature Sintered High
Purity Alumina," J. of American Ceramic Society, 73 [11] 3518-21 (1990).

--

37



i

63. I-W. Chen, "Superplastic Ceramics," in Ceramic Powder III: Ceramic Transactions. V. 12,
Proceedings of 3rd International Symposium on the Science of Processing, Eds. E. Messing
and S-I. l-l_rano,American Ceramic Society, p. 607-17 (1990).

64. L.A. Xue, X. Wu and I-W. Chen, "Superplastic Alumina Ceramics with Grain Growth
Inhibitor," J. of American Ceramic Society, 74 [4] 842-45 (1991).

65. P. Li, I-W. Chert, J. Penner-Hahn and T.Y. Tien, "X-ray Absorption Studies of CeO2 with
Trivalent Dopants," J. of American Ceramic Society, 74 [5] 958-67 (1991).

66. I-W. then, "Superplastic Forming of Ceramic Composites," in Advanced Comoosite
_dllXglil_, Etl. M. Sacks, Ceramic Transactions, 19, 695-706 (1991).

67. I-W. then and S-Y. Liu, "Constitutive Relations for Mechanical Fatigue in Zireonia
Ceramics," in Fatis,ue of Advanced Materials, Eds. R.O. Ritchie, B.N. Cox and
R.Ho Dauskardt, Mate,rials & Component Engineering, Publications LTD., Birmingham, UK,
153-68 (1991).

68. S-Y. Liu and I-W. Chen, "Fatigue of Yttria-stabilized Zirconia I: Fatigue Damage, Fracture
Origins and Lifetime Prediction," J. of American Ceramic Society, 74 [6] 1197-1205 (1991).

69. S-Y. Liu and 1-W. Chen, "Fatigue of Yttria-stabilized Zirconia II: Crack Propagation, Fatigue
Striations and Short Crack Behavior," J. of American Ceramic Society, 74 [6] 1206-16 (1991).

70. L.A. Xue and I*W. Chen, "Low Temperature Sintering of Alumina with Liquid Forming
Additives," J. of American Ceramic Society, 74 [8] 2011-13 (1991).

71. I-W. Chen, "Model of Transformation Toughening in Brittle Materials," J. of American
Ceramic Society, 74 [10] 2564-72 (1991).

72. Z.K. Huang, D.S. Yah, T.Y. Tien and I-W. Chen, "Phase Relationships in the La203-SrO-
Nb205 System," Materials Letters, 11 [8-9] 286-90 (1991).

73. L.A. Xue and I-W. Chen, "Influence of Additives on the 7-to-o_Transformation of Alumina,"
J. of Materials Science Letters, 11,443-5 (1992).

74. T.S. Sheu, T.Y. Tien and I-W. Chen, "Cubic to Tetragonal (t') Transformation in Zirconia
Containing Systems," J. of American Ceramic Society, 7S [5], 1108-16 (1992).

75. L.A. Xue, K. Meyer and I-W. Chen, "Control of Grain Bounda.ry Pinning in AI203/ZrO2
Composites with Cea'*'/Ce4. Doping, J. of American Ceramic Society, 7S [4] 822-29 (1992).

76. L.A. Xue and I-W. Chen, "Fabrication of Mullite Body Using Superplastic Transient Phases,"
J. of American Ceramic Society, 75 [5], 1185-91 (1992).

77. S.Y. Liu and I-W. Chert, "Fatigue Deformation Mechanisms of Zirconia Ceramics,"
J. of American Ceramic Society, 75 [5], 1191-204 (1992).

78. S-L. Hwang and I-W. Chen, "Shear Thickening Creep in Superplastic Sialons," 75 [5],
1073-79 (1992).

79. X. Wu and I-W. Chen, "Exaggerated Texture and Grain Growth of a Superplastic Silicon
Nitride," accepted for publication, J. of American Ceramic Society (1991).

38



80. X. Wu and I-W. Chen, "Hot Extrusion of Ceramics," accepted for publication, J. of American
Ceramic Society (1992).

82. P.L. Chen and I-W. Chen, "In-situ Alumina/Aluminate Platelet Composites," accepted for
publication, J. of American Ceramic Society (1992).

81. K.J. Bowman and I-W. Chen, "Transformation Textures in Zirconia," accepted for publication
to J. of American Ceramic Society (1991).

83. L.A. Xue and I-W. Chen, "A New SiC Whisker Reinforced Lithium Aluminosilicate
Composite," submitted for publication to J. of American Ceramic Society (1992).

84. P.L. Chen and I-W. Chen, "Reactive CeO2 Powders by Homogeneous Precipitation Method,"
submitted for publication to J. of American Ceramic Society (1992).

85. I-W. Chcn, "Solute Drag on Grain Boundary in Ionic Solids--The Space Charge Effect," in
DesignandControl of Grain Boundary in Ceramics, Eds. R. Ishizaki and K. Nihara, Elsevier
l:)ubH-cations,New York (1992).

Invited Talks

1. "Creep Cavitation--An Overview," at National Bureau of Standards, Washington D.C.,
January, 1981.

2. "Cavity Growth on Grain Boundaries," at Berkeley Nuclear Laboratories, Electric Generating
Board, Berkeley, Gloucestershire, U.K., April, 1981.

3. "Elastic and Magnetic Anisotropy of Point Defects--Their Role in Dimensional Instability of
Irradiated Metals," at Kemforschungsanlange, Institut fur Festkorpefforschung, Julich, Federal
Republic of Germany, July, 1983.

4. "Superplasticity in Two Phase Alloys," at Symposium on Large Strain Deformation,
TMS-AIME, Philadelphia, PA, October, 1983.

5. "Constitutive Equations of Superplastic Materials," at International Nickel Company, Sterling
Forest, NY, December, 1983.

6. "Martensitic Nucleation in Metal Ceramic Composites," at IBM Watson Research Center,
Yorktown Heights, NY, February, 1984.

7. "Martensitic Transformations in Ceramics," at Los Alamos National Laboratory, Los Alamos,
NM, May, 1984.

8. "Creep Deformation of Multiphase Ceramics," at Gordon Research Conference on Solid State
Studies in Ceramics, New London, NI-l,July, 1984.

9. "Mechanisms of Transformation and Transformation Plasticity in ZrO2," at Zirconia
Ceramics 5, Tokyo Institute of Technology, Yokohama, Japan, December, 1984.

10. "Transformation Plasticity in Brittle Solids," at Division of Applied Sciences, Harvard
University, MA, April, 1985.



P

11. "Martensitic Nucleation in ZrO2," Second International Workshop on Transformation
Toughening," Ix)me, Australia, April, 1985.

12. "Quasi-static Intergran,alar Fracture at 0.5 Tru---Mechanisms of Stress Relief Cracking in Low
Alloy Steels," at Monash University, Australia, April, 1985.

13. "Superplastic Flow of Two-Phase Alloys," at International Conference on Superplasticity,
Grenoble, France, September, 1985.

14. "Implications of Transformation Plasticity on Fracture Control of 7202 Ceramics," at Zireonia
Ceramics 7, Tokyo Institute of Technology, Yokohama, Japan, November, 1985.

15. 'T)isplaciv¢ Transformation in 7aO2," at Ceramic Science Symposium, Basic Science Section
of The American Ceramic Society, Baltimore, MD, November, 1985.

16. "Transformation, Transformation Plasticity and Transformation Toughening in ZrO2
Containing Ceramics," at UniversSty of Pennsylvania, PA, November, 1985.

17. "Transformation, Transformation Plasticity and Transformation Toughening in ZrO2
Containing Ceramics," at Ohio State University, OH, January, 1986.

18. "A Comparative Study of Transformation Plasticity and Toughening in Mg-PSZ and Ce-TZP,"
at Advanced Ceramics 2, Tokyo Institute of Technology, Yokohama, Japan, September, 1986.

19. "Interface Effects on the Deformation and Failure of High Temperature Alloys," at TMS
Southeast Regional Meeting, Oak Ridge, TN, September, 1986.

20. "Ceramic Steels--The Zirconia Containing Ceramics," at Michigan Chapter of TMS,
Southfield, MI, September, 1986.

21. "Transformation, Transformation Plasticity and Transformation Toughening of Zirconia
Containing Ceramics," at Symposium on Toughening via Stress-induced Transformation,
TMS Fall Meeting, Orlando, bL, October, 1986.

22. "Transformation, Transformation Plasticity and Transformation Toughening of Zirconia
Containing Ceramics," at Materials Science Division, Argonne National Laboratory, Argonne,
11.,November, 1986.

23. "Transformation Plasticity and Transformation Toughening in PSZ and TZP," at Symposium
on Advanced Structural Ceramics, Materials Research Society, Fall Meeting, Boston, MA,
December, 1986.

24. "Transformation Plasticity and Transformation Toughening," at Solid Mechanics Division,
Brown University, Providence, RI, December, 1986.

25. "A Perspective of Zirconia Research," at Michigan Section of The American Ceramic Society,
Detroit, MI, December, 1986.

26. "Transformation and Transformation Plasticity," at Michigan State University, East Lansing,
MI, February, 1987.

27. "Transformation, Transformation Plasticity and Transformation Toughening of Zirconia
Ceramics," at McMaster University, Canada, March, 1987.

40

t



t

28. "Transformation and Transformation Toughening of Zirconia Ceramics," at Allied-Signal,
Morristown,NJ, April, 1987.

29. "A Statistical Theory of Grain Growth," at International Symposium on Progress in
Microstructure-1987, Aachen, FederalRepublicof Germany,May, 1987.

30. "Sintering and Grain Growth of Tetragonal and Cubic Zirconia," at Sintering '87, Tokyo,
Japan,November, 1987.

31. "Texture Development in YBa2Cu3OT.xby Hot Extrusion andHot Pressing," at Sintering '87,
Tokyo, Japan, November, 1987.

32. "Phases, Microstructures and Phase Transformations in Zirconia," at Larry Van Vlack
Symposium, 1Sth Automotive MaterialsConference,Ann Arbor, MI, April, 1988.

33. "Advanced Concepts in Toughening of Ceramics," at Weitenburg Workshop on Structural
Ceramics, Weitenburg, Federal Republic of Germany,April, 1988.

34. " stal Chemistry and Phase Stability of High Tc Superconductors," at the 89rh Annualry , , , •

Meeting of The American Ceramic Society, Cmclnnau,OH, May, 1988.

35. "Supcrplasticity of Mullite Zirconia Composites," at MRS International Symposium on
Superplvstic Forming, Tokyo, Japan,May-June, 1988.

36. ''Transformation Toughening," at Gordon Conferences on Solid State 3tudies of Ceramics,
Meriden College, NH, August, 1988.

37. "Superplastic Forming of Ceramics," at US-Japan Workshop on the Pro_;essingof Advanced
Ceramics, Seattle, WA, August, 1988.

38. "Ceramic Research at The University of Michigan," at Detroit Section of The American
Ceramic Society, Detroit, MI, November, 1988.

39. "Recent Progress in Zirconia as a StructuralCeramic,"at Department of Materials Science and
Engineering, Northweste'tn University, Evanston, IL, February,1989.

40. "Structural Ceramic Research at The University of Michigan," at SAMPE Michigan Tri-City
Chapter, Midland, MI, February, 1989.

41. "Recent Progress in Zirconia Research," at Department of Materials Science and Engineering,
University of Utah, Salt Lake City, UT, July, 1989.

42. "Superplastic Forming of Ceramics," at Gordon Conference on Solid State Studies of
Ceramics, Colby Sawyer College, NH, August, 1989.

43. "Supcrplasticity of Fine Grained Zirconia Polycrystals," at the FourthInternational Conference
on the Science andTechnology of Zirconia, Anaheim, CA, October, 1989.

44. "Transformation Toughening," at ASME Winter Meeting, San Francisco, CA,
December, 1989.

45. "Superplastic Forming of Fine-Grained Ceramics," at Department of Materials Science and
Engineering, University of Washington, Seattle, WA, January,1990.

41

i



46. "Superplasfic Forming of Fine-Grained Ceramics," at the Third International Conference on
Ceramic Powder Processing Science, San Diego, CA, February, 1990.

47. "Superplastic Ceramics," at Albrecht-Rabenau Symposium on Contemporary Issues in
C.¢mmicScience, Tegernsee, Germany, July 1990.

48. "Superplastic Forming of Ceramic Composites," at Symposium on Composites, Orlando, FL,
November, 1990.

49. "Solute Drag and Grain Growth," at W.E. Heraeu's Seminar on Modelling of Sintering
Processes, Bad Honnef, Germany, November, 1990.

50. "Constitutive Equations of Cyclic Fatigue of Ceramics," at the Engineering Foundation
Conference on Fatigue of Advanced Materials, Santa Barbara, CA, January, 1991.

51. "Microstructural Design of Superplastic Ceramics," at the International Conference on
Superplasticity of Advanced Materials, Osaka, Japan, June, 1991.

52. "X-ray Absorption Studies of ZrO2 and CeO2," at theAtomic Structure, Bonding and
Prol_rties of Ceramics Meeting, Basic Science Division, The American Ceramic Society,
Marco Island, FL, October, 1991.

53. "Deformation Processing of Ceramics," at Purdue University, West Lafayette, IN, November,
1991.

54. "Tailoring of Grain Boundary and Bulk Properties by Grain Boundary Alloying," at Japan
Fine Ceramic Center Workshop on Materials Processing and Design Through Better Control
of Grain Boundaries," Nagoya, Japan, March, 1992.

55. "Fatigue of Tough Ceramics," in 1Sth Michigan Ceramic Materials Conference on Tough
Ceramics, Ann Arbor, MI, March, 1992.

56. "XAS: A Probe to Local Atomic and Electronic Su'uctures of Ceramics," at the Annual Meeting
of The American Ceramic Society, Minneapolis, MN, April, 1992.

57. "Deformation and Fracture of Two.Phase Ceramics at Elevated Temperatures," at the Annual
Meeting of The American Ceramic Society, Minneapolis, MN, April, 1992.

58. ''Transformation, Transformation Plasticity and Transformation Toughening in Ce-TZP/AI203
Composites," at the Fifth International Conference on the Science and Technology of Zirconia,
Melbourne, Australia, August, 1992.

Other Recent Presentations (since July 1986; * for thepresenting author)

1. "Mechanisms and Mechanics of Crack Propagation at 0.5 Tm Under Intergranular
Segregation", I-W. Chen,* at Symposium on Crack Propagation Under Creep and Creep
Fatigue, American Society for Metals, Orlando,FL, October, 1986.

2. "Reversible TransformationPlasticity in Uniaxial T,msion Compression Cycling of Mg-PSZ,"
K.J. Bowman,* P.E. Rcyes-Morel and I-W. Chen, at Symposmm on Advanced Structural
Ceramics, Materials Research Society Fall Meeting, Boston, MA, December, 1986.

42



3. "Transformation Plasticity of Zirconia Composites," P.E. Reyes-Morel and I-W. Chen,* at
The American Ceramic Society Annual Meeting, Pittsburgh, PA, April, 1987.

4. "Structure and Property of Oxygen-rich YBa2Cu3Ox," I-W. Chen,* S.J. Keating, X. Wu,
J. Hsu, C. Keating and T.Y. Tien, at The American Ceramic Society Annual Meeting,
Pittsburgh,PA, April, 1987.

5. "On the Fermelastic Domain Reorientation Mechanism in Tetragonal Zirconia Polycrystals,"
B.S. Li, P. Yang, P.E. Reyes-Morel, J.S. Chemg, I-W. Chen* and T.Y. "lien, at The American
Ceramic Society Annual Meeting, Pittsburgh, PA, April, 198"/.

6. "Shape Memory Effect in Ce-'I'ZP," P.E. Reyes-Morel, J.S. Cherng* and I-W. Chen, at The
Anmtican Ceramic Society Annual Meeting, Pittsburgh, PA, April, 1987.

7. "Transformation-induced Creep and Creep-fatigue Interactions in Mg-PSZ at Low
Temperatures," P.E. Reyes-Morel,* K.J. Bowman and I-W. Chen, at The American Ceramic
Society Annual Meeting, Pittsburgh, PA, April, 1987.

8. "Fully Reversed Cyclic Plastic Deformation of Mg-P/SZ," K.J. Bowman,* P.E. Reyes-Morel
and l-W. Chert, at The American Ceramic Society Annual Meeting, Pittsburgh, PA,
April, 1987.

9. "Defect Structures in Tetragonal, Orthorhombic and Monoclinic Zirconia," Y-H. Chiao* and
I-W. Chen, at The American Ceramic Society Annual Meeting, Pittsburgh, PA, April, 1987.

10. "Radiation Effects on Mechanical Properties of Zirconia Based Ceramics", P.E. Reyes-Mor_l*
and I-W. Chen, at the 89th Annual Meeting of The American Ceramic Society,
Cincinnati, OH, May, 1988•

11. "Strength and Toughness of Zirconia Ceramics under Triaxial Stress States," J.S. Chemg*
and l-W. Chen, at the 89th Annual Meeting of The American Ceramic Society,
Cincinnati, OH, May, 1988.

12. "Superplastic Flow in Mullite Zirconia Composites I: The Volume Fraction Effect,"
C.K. Yoon* and I-W. Chen, at the 89th Annual Meeting of The American Ceramic Society,
Cincinnati, OH, May, 1988.

13. "Superplastic Flow in Mullite Zirconia Composites II: The Aspect Ratio Effect," C.K. Yoon*
and l-W. Chen, at the 89th Annual Meeting of The American Ceramic Society, Cincinnati, OH,
May, 1988.

14. "Grain Growth in Tetragonal and Cubic Zirconia," I.G. Lee* and I-W. Chen, at the 89rh
Annual Meeting of The American Ceramic Society, Cincinnati, OH, May, 1988.

15. "Deformation Texture of Transformation Toughened Zirconia," K.J. Bowman* and
I-W. Chen, at the 89th Annual Meeting of The American Ceramic Society, Cincinnati, OH,
May, 1988.

16. "Fatigue and Cyclic Deformation of Mg-PSZ," S-Y. Liu,* K.J. Bowman and I-W. Chen, at the
89th Annual Meeting of The American Ceramic Society, Cincinnati, OH, May, 1988.

17. "Thermal Properties and Processing of Bi-Sr-Ca-Cu-O Superconductors," S.J. Keating,*
I-W. Chen and T.Y. Tien, at the 1988 Fall Meeting of Materials Research Society,
Boston, MA, November 28-December 3, 1988.

43



18. "Hot Extrusion of Bi2(Sr,Ca)3Cu2Os+x and YBa2Cu306+x Wires," X. Wu,* P.E. Reyes-
Morel and I-W. Chen, at the 1988 Fall Meeting of Materials Research Society, Boston, MA,
November 28-December 3, 1988.

19. "Creep and Hot Extrusion of High Tc Superconductors," X. Wu* and I-W. Chen, at the 91st
Annual Meeting of The American Ceramic Society, Indianapolis, IN, April 24-27, 1989.

20. "Oxygen Stoichiometry and Phase Stability in the Sr-Nb-O System," S.J. Keating,*
I-W. Chert and T.Y. Tien, at the 91st Annual Meeting of The American Ceramic Society,
Indianapolis, IN, April 24-27, 1989.

21. "Monte-Carlo Simulation of Sintering and Grain Growth I: Periodic Microstructure,"
G. Hassold,* I-W. Chen and D.J. Srolovitz, at the 91st Annual Meeting of The American
Ceramic Society, Indianapolis, IN, April 24-27, 1989.

22. "Monte-Carlo Simulation of Sintering and Grain Growth II: Final Stage Sintering,"
G. Hassold, I-W. Chen* and D.J. Srolovitz, at the 91st Annual Meeting of The American
Ceramic Society, Indianapolis, IN, April 24-27, 1989.

23. "Fatigue Life Time Prediction and Fracture Statistics of Brittle Ceramics," S-Y. Liu* and
I-W. Chert, at the 91st Annual Meeting of The American Ceramic Society, Indianapolis, IN,
April 24-27, 1989.

24. "A Critical Assessment of Crack Tip Plastic Zone in Transformation Toughened ZrO2
Ceramics," I-W. Chen,* J. Pan, F. Li and J.S. Chemg, at the 91st Annual Meeting of The
American Ceramic Society, Indianapolis, IN, April 24-27, 1989.

25. "Superplasticity in Y203-stabilized Cubic ZrO2," S.L. Hwang,* C.M. Hwang and
I-W. Chen, at the 91st Annual Meeting of The American Ceramic Society, Indianapolis, IN,
April 24-27, 1989.

26. "Effect of a Liquid Phase on Superplasticity of 2Y-TZP," C.M. Hwang,* S.L. Hwang and
I-W. Chen, at the 91st Annual Meeting of The American Ceramic Society, Indianapolis, IN,
April 24-27, 1989.

27. "Superplasticity in Mullite-ZrO2 Composites," C.K. Yoon* and I-W. then, at the 91st Annual
Meeting of The American Ceramic Society, Indianapolis, IN, April 24-27, 1989.

28. "Superplastic Forming of Fine Grained Ceramics," X. Wu* and I-W. Chen, at the 91st Annual
Meeting of The American Ceramic Society, Indianapolis, IN, April 24-27, 1989.

29. "The Influence of Shear Coupling on Evaluating t to m Transformation in ZrO2 Ceramics,"
K.J. Bowman* and I-W. Chert, at the 91st Annual Meeting of The American Ceramic Society,
Indianapolis, IN, April 24-27, 1989.

30. "Grain Growth Control in Zirconia Polycrystals," S.L. Huang* and I-W. Chert, at the Fourth
International Conference on the Science and Technology of Zirconia, Anaheim, CA,
October 3 l-November 3, 1989.

31. "Stress State Effect on Transformation Toughened Zirconia," J.S. Chemg* and I-W. Chert, at
the Fourth International Conference on the Science and Technology of Zirconia, Anaheim, CA,
October 31-November 3, 1989.
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32. "Transformation Textures in Zirconia," K.J. Bowman* and I-W. Chen, at the Fourth
International Conference on the Science and Technology of Zirconia, Anaheim, CA,
October 31-November 3, 1989.

33. "Fatigue of 3Y-TZP," S-Y. Liu* and I-W. Chen, at the Fourth International Conference on the
Science and Technology of Zirconia, Anaheim, CA, October 31-November 3, 1989.

34. "An Elastic-Plastic Theory of Toughening of Brittle Solids," I-W. Chen, at the 92nd Annual
Meeting of The American Ceramic Society, Dallas, TX, April 22-26, 1990.

35. "Superplastic Forming of Fine Grained Zirconia Ceramics and Composites," X. Wu* and
I-W. Chert, at the 92hd Annual Meeting of The American Ceramic Society, Dallas, "IX,
April 22-26, 1990.

36. "Supt_-plastieity of Fine Grained Alumina," L-A. Xue* and I-W. Chen, at the 92hd Annual
Meeting of The American Ceramic Society, Dallas, TX, April 22-26, 1990.

37. "Creep-Enhanced Dynamic Grain Growth of Superplastic Zirconia," S.L. Hwang* and
I-W. Chert, at the 92hd Annual Meeting of The American Ceramic Society, Dallas, TX,
April 22-26, 1990.

38. "Grain Growth Control in Nonstoiehiometric Oxides - Space Charge and Boundary Mobility,"
I-W. Chert* and S.L. Hwang, at the 92nd Annual Meeting of The American Ceramic Society,
Dallas, TX, April 22-26, 1990.

39. "Grain Growth in Fluorite-Structured Oxide Solid Solutions," S.L. Hwang,* S. Rutter and
I-W. Chen, at the 92hd Annual Meeting of The American Ceramic Society, Dallas, TX,
April 22-26, 1990.

40. "X-ray Absorption Studies of Trivalent Oxide-Doped Ceria," P. Li,* I-W. Chen, T.Y. Tien,
P.G. Allen and J.E. Penner-Hahn, at the 92nd Annual Meeting of The American Ceramic
Society, Dallas, TX, April 22-26, 1990.

41. "Sr-Nb-O System: Electrical and Magnetic Characterization of Metallic Conductivity and
Semi-conductivity," S.J. Keating,* I-W. Chen and T.Y. Tien, at the 92nd Annual Meeting of
The American Ceramic Society, Dallas, TX, April 22-26, 1990.

42. "Sr-Nb-O System: Nonstoichiometry and Phase Equilibrium," S.J. Keating,* I-W. Chen,
T.Y. Tien and Z.K. Huang, at the 92hd Annual Meeting of The American Ceramic Society,
Dallas, "IX,April 22-26, 1990.

43. "Fatigue Crack Growth and Life Time Prediction of Ceramics," S-Y. Liu* and I-W. then, at
the 92nd Annual Meeting of The American Ceramic Society, Dallas, TX, April 22-26, 1990.
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IX, CURRENT/PENDING SUPPORT

1. Fundamental Alloy Design of Oxide Ceramics and Their Composites (DOE-BES)
5/1/90 - 4/30/93, P.I.--I-Wei Chen
$298,557

2. High Temperature Fatigue of Structural Ceramics (AFOSR)
10/1/90 - 9/30/93, P.I.--I-Wei Chen
$615,845

3. MaterialsProcessing and Engineering of SuperplasticCeramics (NSF)
8/1/91-7/31/94, P.l.--I-Wei Chert

• $270,000

4. FundamentalExperimental and Theoredcal Studies on the Transformability and
Toughenability of Zirgonia Based Ceramics (NSF)
5/1/92-4/30/95, P.l.ml-Wei Chen and J. Penner-Hahn
$465,(300

X. BUDGET

=.

i See attached DOE forms for budgets and budget explanation. Lh/_t_'J_/'°_ / '_c_/_'_ _'_rcC__-_(

1

DISCLAIMER

This report was prepared as an account of work sponsoredby an agency of the United States
Government. Neither the United States Governmentnor any agency thereof, norany of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus,product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Governmentor any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Governmentor any agency thereof.

46

....... wnmluunnulnu,nl_nmlm_mqlnlll [






