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ABSTRACT

The major areas of investigation of ceramic systems have included:

(1) studies of kinetics of phase changes, di ffusion, and the .develop-

ment of microstructure, (2) relationship of properties to composition,

crystal structure, and mibrostructure and (3) materials synthesis and

preparation. Defect structures, defect mobilities and atomic transport

in crystals an-d at grain boundaries have been studied in several mat-

erials for application to the myriad of processes governed by diffusion -

notably oxidation, sintering, high temperature reactions, creep, and

electrical conductivity. The effects of thermal gradients on compos-

itional displacement in non-stoichiometric oxide solid solutions.(U,Ce)02
are reported. Further modelling for microstructure development in sin-

tening has been carried out on particle size distribution effects; the

procedure has been developed for effects in multi-dimension·particle

arrays.

Chemical vapor deposition has been used for the preparation of a

variety of crystals, both pure and doped. Crystals for general studies

by x-ray techniques, electrical, mechanical, and optical property

characterization are also provided. Studies of solid solutions, their

optical and electrical properties, as influenced by phase separation

0 have been studied.

There is continued need for improved procedures to make higher
2:

purity ceramica, and a need to learn more about solute effects in

ceramic systems to understand processing and properties in applying

these materials to technological problems. An exhaustive review of

the structure and properties of grain boundaries in ceramics has led

to the identification of a definitive experimental program for the

coming year.
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A p.rogram on activated sintering under proton bombardment has
.

been planned in response to observed reactor behavior of UO2 and an

opportunity to improve understanding of atom transport in si"n-

tering, genera·Ily. The preparation and characterization of fluorite

structured materials has been continued.

-

h
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INTRODUCTION

•             The basic research program in ceramics sponsored by the U. S.

Atomic Energy Commission su.pports the majority of the ceramic research

effort and graduate student training in ceramics at M.I.T. Various

research subjects have been investigated in the past includihg heat con-

duction, surface characteristics, diffusion in oxides, high temperature

kinetic processes, microstructure development, effects of microstructure

on properties, the structure and properties of noncrystalline ceramics,

dissolution kinetics, materials preparation, and solid-vapor reactions.

The current program is described in Section ll., which follows.

The research program this past year has been supervised by

Professor R. L. Coble; Professors B. J. Wuensch and H. K. Bowen have

also participated. The experimental work is mostly performed by

graduate students working towards advanced degrees, along with tech-

nicians and research staff. For the current research described in

the following section, supervising staff members and students are

identified for each p.roject. All work has been planned,with and

approved by Professor Coble.

Professor Kingery has returned from his sabbatical leave and
0

          has concentrated his efforts on a study of grain boundaries in ceramics

to establish just what is known about their physical structures, and
4

the composition segregation which is prevalent in boundary regions.

Both are important in governing the "physics and chemistry" of bound-

aries and their ultimate effect on the properties and characteristics

of polycrystalline masses. Some experimental work has been started

from well defined problem areas which were identified from the review.

- SEROl
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That program will be further intensified given the new student

assignments .in the coming year.
'.

During this year staff members associated with this program

have remained familiar with other Atomic Energy Commission programs

in ceramics by visiting or receiving visits from personnel at the

Argonne National Laboratory, Battelle-Northwest, Oak·Ridge National

Laboratory, Livermore, Brookhaven, and Grenoble, France.  One of

our students is currently engaged in a joint program at Brookhaven,

to take advantage of some of the unique facilities there.

11.          P R E S E N T     S T.A T U S

At present, projections indicate that UO2 and other ceramics for

nuclear fuel applications will be a critical factor in nuclear power

development and also become a major product of the ceramic industry.

Thus, development of new understandings of .phenomena in the f.ield of

crystalline and noncrystalline ceramics outside of the traditional

silicate based clay-glass-cement sector seems certain to be applicable

to A.E.C. responsibilities. These considerations have led us to con-

tinue our concentration on fluorite-structure materials and on non-

stoichiometry, solid solutions and grain boundary phenomena in oxide

systems.

The current research program in ceramics at M.I.T. can be broadly
.t

described as including: (1) research on kinetics of phase change,

diffusion and the development of microstructure in ceramics, (2) re-

lationship of properties to composition; crystal structure, and micro-

structure, (3) research on the structure and properties of thin films

and noncrystalline solids, and (4),materials synthesis and preparation.

Each of these areas of research is described in detail in the report.
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SECTION ONE

1.0 Preparation and Characterization of Fluorite Structure Materials

1.1 Thermal Gradient Studies on UO2 and (U, Ce)02: H. K. Bowen,

D. D. Marchant

1.2 The Crystallography of Nonstoichiometric Cerium Oxides:

B. J. Wuensch, H. T. Anderson

1.3 Cerium Oxide-Yttrium Oxide Solid Solutions: B. J. Wuensch,

H. T. Anderson

1.4 Growth of UO2 Single Crystals by Chemical Vapor Transport:

R. N. Singh, R. L. Coble

V

.:
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SECTION TWO

2.0 Concentrations of Defects, and Transport of Defects, Atoms,

and Electrical Charge in Single Crystal and Polycrystalline

Oxides

2.1 Ambipolar Diffusion: A Review and Analysis: Rowland M. Cannon

2.2 Electrical Conduction Mechanism in Single and Polycrystalline

Alumina at High Temperatures and the Effect of Gas Phase

Conduction: K. Kitazawa, R. L. Coble

2.3 Defect Diffusion Coefficient Measurements in Polycrystalline

Alumina: K. Kitazawa, R. L. Coble

2.4 Self-Diffusion in Oxides:  B. J. Wuensch, D. J. Reed

2.5 Concentration-Dependence of Transition-Metal lon Diffusion:

B. J. Wuensch, G. ·C. T. Wei

2.6 Defect Structures in A|203

2.7 Application of Calcia-Stabilized Zirconia to the Measurement of

Oxygen Gas Permeability: K. Kitazawa, R. L. Coble

2.8 Defect Diffusion in Grain Boundaries: A Study of Oxidation-

Reduction Kinetics in Some Transition Metal Oxides: U. Chowdhry,

R. L. Coble

.
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SECTION THREE

3.0 Sintering and Microstructural Changes
-

3.1 Irradiation Enhanced Densification: R. L. Coble, A. Bement,

Rowland M. .Cannon

3.2 Sintering Studies in Chrome Oxide:  J. M. Neve, R. L. Coble

3.3 Characterization of the Morphological Evolution in a Two

Phase Isotropic System: Ljiljana Radonjic, R. L. Coble

3.4 Some Particle Size Distribution Effects in Initial Stage

Sintering: R. L. Coble

»
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*                                     SECTION FOUR

4.0 General Property Measurements

4.1 Electrical, Optical and Structural Properties of the System

Iron-Manganese Oxide: C. A. Goodwin, H. K. Bowen, W. D. Kingery

4.2 Electron Microscopic Study of Phase Separation in Co Ni   0·X  1-X .

W. D. Kingery, J. Vander Sande, E. Hall

4.3 Relaxation Phenomena in Solids: Keizo Uematsu, H. K. Bowen

4.4 Dislocation Behavior in Pure and Doped Magnesium Oxide

Single Crystals: R. N. Singh,  R. L. Coble

4.5 Grain Boundary Sliding in Oxide Ceramics:  R. L. Coble,

Rowland M. Cannon

.
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.

SECTION FIVE

5.0 Plausible Concepts Necessary and Sufficient for the Inter-

pretation of Ceramic Grain Boundary Phenomena: W. D. Kingery

5.1 The Electric Charge on Grain Boundaries in Oxides: W. D. Kingery

5.2 Crystallography of Grain Boundaries: W. D. Kingery

5.2.1 Faceted Boundaries

5.3 Solute - Grain Boundary Interaction: W. D. Kingery

5.3.1 Solute - Vacancy Pair Formation and Migration

5.3.2 Solute Heats of Solution and Entropy in Crystalline Oxides

5.4 Grain Boundary Nucleation, Vacancy Generation and Precipita-

tion: W. D. Kingery

5.4.1 Direct Observations of Boundary Segregation and Precipitation

in Yttralox: David Glen

.
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1.0 Preparation and Characte.rization of Fluorite Structure Materials

1.1 Thermal Gradient Studies on UO2 and (U, Ce)02

H. K. Bowen, D. D. Marchant

Analysis of reactor fuel elements and previous la·boratory,

thermal gradient experiments have shown evidence that the predominant

migrationmechanism of oxygen and plutonium is by vapor phase transport.
\.-

Unfortunately, in all of these experiments both solid state and vapor
-

transport could have been eccurring simultaneously; consequently, the

importance of vapor transport has not been adequately defined.

To get a better definition of the relative importance of

these two mechanisms, experimental techniques have been designed and

are currently being implemented to reduce the effect of vapor transport--

thereby allowing the measurement of the solid state effects. The general

experimental proceedure consists of imposing a gradient on a dense

(> 98% theoretical) polycrystalline sintered cylinder (single crystals

woul·d be preferred but could not be obtained in adequate size either

commercially or grown in the lab). After quenching, the samples are

measured for compositional variations. I

The experimental proceedures used to limit vapor transport

are divided into two groups depending on the type of gradients imposed

i.e. axial and radial. Vapor transport in axial gradients will be

reduced by vapor coating rhenium (impervous to oxygen) on the sintered

cylinder prior to imposing the gradient. These coated samples will

be compared to samples coated with tantalum (permeable to oxygen) and

to uncoated samples. The vapor transport in radial thermal gradients

will be reduced by using long cylinders and only imposing the gradient
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.in the central region. The ends of the cylinders will be relatively

Cool. This will allow the vapor to condense in the end regions.

The migration of pores in the sintered cylinders may have an

effect·on the compositional variations especially in the radial exper-

iments which have a higher gradient. The high sintered densities can

help reduce this effect. Microstructural examinations are made on

each sample to note pore-migration.

Studies will be done on both urania and urania-ceria solid
»-------li-Ii --i ---il.,

.--I

solutions. The solid solutions will be used to study cation separation

i.e. local changes in Ce/U ratios. The 0/U ratios are measured using

lattice parameters for UO2+x and thermogravimetric techniques for U02-x.

Present studies have determined a precision of + 0.001 in U/0 for

both these methods  when a large Debye-Scherrer camera is used for the

lattice parameter measurements and. a Cahn microbalance is used in the

thermogravimetry. (Care must be taken when working with solid

solutions to account for possible phase separation. Although separation

has not been observed in this system, it has been observed in similar

oxide solid solutions).

Polycrystalline cylinders have been made with dimensions of

5" long 5/16" diameter with densities greater than 98%. These are

formed by hydrostatically pressing powder and two stage sintering (a

16000C sinter in hydrogen and a 20000C sinter in vacuum). Most of
r

the pores are at the grain boundaries.

Preliminary axial gradient feasibility studies have been
.-. ---

performed under varibus furnace conditions on stacks of pellets where

both transport mechanisms are in operation. The maximum temperatures
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did not exceed 1700'C; therefore, the vapor pressure and the consequent
-

evaporation rate of the·uranium bearing species was quite small.  In
--I

general, the 0/U ratio increased at the hot end.  All the samples were
.----1

initially UO A long term urania-ceria solid solution experiment2.04'
-

with the maxium temperature at 1600'C did not produce any measurable
.-I

change in the Ce/U ratio. In the axial gradient experiments no migra-
-_b-- -

tion of pores was observed.

./3-e··6
1.2 The Crystallography of Nonstoichiometric Cerium Oxides

B. J. Wuensch:  H. T. Anderson ti 4D + (1
Several lanthanide elements (Ce, Pr and Tb) combine with

oxygen to form a series of oxides intermediate to an end member MO2'
----

which has the fluorite structure type, and a sesquioxide.M2O3.  These

intermediate oxides are presumed to constitute a homologous series

M O in which oxygen vacancies are ordered. The reduced compositionsn 2 n-2

reoxidize with " pyrophoric" ease. A sample of Ce02-x' for example,

Will reoxide in air to a composition close to Ce02 in a matter of     
hours at room temperature. This implies an oxygen diffusion coef-

ficient of the order of 10-6cm2/sec at room temperature which is at
.-I.-1*-*-

least six,orders of magnitude larger than the value predicted by extrap-
--il---

olation of transport data obtained at high temperatures for which

the phases assume a disordered defect fluorite structure. The remarkable

transport properties must result from the ordered nature of the low

temperature phases. However, the structures and even reliable lattice

constants for these phases remain unknown.
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Nearly all previous work has employed powder samples. We

found that single crystals of Ce02' when reduced·in ultra high purity

H2' retain their single crystal character. Through reduction at the
---

temperature necessary to produce the desired compositions, we were

able to produce single-phase samples of CeO (delta), CeO (zeta)
1.818 1.778

and CeO (iota), compositions at which ordered phases had been1.714

reported to be stable in this system.

Ce O is body centered cubic, space group la3, with
1.818

a = 11.093 A.  The structure is a superstructure based upon Ce02 and
----

has a cell edge double that of the ordering of the oxygen vacancies.

The structure is twinned along (110) planes. Ideal coordinates for

the atomic positions were derived and the structure bears a close

relationship to that of the type C sesquioxide.

Ce O is hexagonal, probable space group P63/mmc, with1.714
0

a = 3.359 and a = 6.114 A. The cell content is Ce 0 so that2 3.428

full ordering of oxygen vacancies is again not permi·tted. The samples

which were produced consisted of four crystals in twinned orientation,

having a axes in common and c along each of the four independent body

diagonals of the parent fluorite structure. Several of the structures

permitted by the space group bear close resemblance to the type A

sesquioxide.

Ce O was found not to be a single-phase structure. Single1.778

crystal di ffraction patterns consist of two-phase mixtures of.iota and
.

delta. Powder diffraction.patterns provided the illusion of a distinct

phase when the two phases wer0 presed in equal volume fractions.

»f«./1 .«'    "    »'«1/                                         -                                                         -   UJU-e P , 40 I

-e  »f«'-  Cr. «i),   -
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1.3 Cerium Oxide-Yttrium Oxide Solid Solutions

/ /2/Uf\Gu
B. J. Wuensch: H. T.Anderson

While.the rapi.d oxygen transport rates of ordered non-

stoichiometric lanthanide oxides MO makes their structure of
2-x

interest, this property makes specimen handling and study difficult.

Oxygen vacancies may also be created through the introduction of

a trivalent ion in solid solution.  A number of ternary MO2 - M O3

systems have been studied, but only at high  (<1200'C) temperatures

at which possible intermediate compounds might become disordered.

The necessity of employing eleyated temperatures in the preparation of

ternary compounds stems from the fact that cation rearrangement requires

mass transport. In contrast, the proces.s may be effected th.rough rapid

electron transfer in pure lanthanide oxides.

We attempted to prepare homogeneous mixtures of the oxides for

equilibration at 800'C through the use of freeze-dry procedures. Such

attempts failed due to the deliquescent nature of all of tha yttrium

salts which were examined. Conventional techniques for preparation of
-   mixed oxides were therefore applied. Through ball milling and pressing,

samples were prepared in increments of IO mole % YO  5 between Ce02 and

YO  ·5.  These mixtures were subjected to two equilibration procedures.
A      first     s e t w a s h o m o g e n i z e d·    f o r      1 0 0     h o u r s     a t      1 7 5 0 'C     a n d    equi   I   i b r a t e d      f o r

50 days at 800'C; a second set of samples was directly equilibrated at

800'C for almost a year. The samples homogenized at 17500C pri or

to equilibration displayed a continuous decrease in the lattice constant.
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of the 'fluorite structure (or fluorite subcell of the rare earth

C sesquioxide) with increasing yttrium content. This result is

in accord with previous studies of thid system at higher temperatures,
-- -

indicating that either the disordered phases persist at 8000C, or

that the equilibrium structure at 800'C was not produced after homogen-

ization. The samples annealed directly at 800'C consisted of two phase

mixtures of the fluorite structure type plus the rare earth C sesquiox-

ide. This indicates that either negligible solid solubi!ity between

the two structure types exists at 800'C (which seems unlikely) or

that no reaction between the.two component oxides has occured within

a period of one year. We suspect that the latter is the case and

that conventional techniques for specimen preparation are incapable

of providing equilibrium solid solutions at low temperatures.  Recent

power-processing techniques, such as the so-1-gel or alkoxyl process

may yet be successful. Studies employing sol-gel samples produced

at AERE, Harwell, are in progress.

1.4 Growth of Uranium Dioxide Single Crystals by Chemical

Vapor Transport

R. N. Singh, R. L. Coble

Uranium dioxide single crystals have been grown in a

closed system using chlorine as transporting agent. The source

material was UO2 Powder and the substrate used was single crystal

U02, cut and polished on a (Ill) plane.  The substrate and source

materials were placed in a silica tube approximately 6" apart. The

-7silica tube was evacuated to 10 mm pressure, refilled with the

desired pressure of chlorine, sealed off and placed in a temperature
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gradient (about 25'C)  furnace at an average temperature of 925'C.

This resylts in a transport of UO2 from the hot end to the cold

end (i.e. on.to the substrate).

The growth rate has -been measured as a funct-ion of sub-

strate temperature, temperature gradient and pressure of chI.orine.

The growth rates are much lower than the theoretical growth rates

expected from diffusion controlled.growth. From further analysis

it is concluded that the growth kinetics may be controlled by the

surface reaction.

Different surface morphologies developed as the total chlorine

pressure in the capsule was changed. At higher pressures pyramidal

growth was observed. As the pressure was reduced faceted growth

occured on the substrate. At higher pressures the crystal surface

was observed to be cracked; cracking was eliminated at lower pressure

of chlorine, and was attributed to the second phase precipitation

due to higher oxygen partial pressures generated during the reaction.

Crystals were characterized by measuring hardness, chemical

composition, dislocation density and stoichiometry. Debye - Scherrer

patterns were taken in order to identify the fluorite structure;

the 'gttice parameter measurements show that crystals thus grown

were slightly hyperstoichiometric. Micro-hardness measurements

2
show a substantial decrease from an average value of 1050 kg/mm

2for  the substrate to a value of 450 kg/mm for the crystals grown

by CVD for a load of 50 grams. This suggests relatively higher

purity and low dislocation density for the CVD grown crystals.
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The chemical analysis shows that CVD grown crystals are superior
5     2

in purity and had a lower dislocation density (2 x 10 /cm ) com-
7    2

pared to 10 /cm for the substrate. Therefore, it is concluded

that high purity, low dislocation density UO2 single crystals may be

grown by CVD technique using. chlorine as the transporting agent.
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2.0 Concentrations of Defects, and Transport of Defects, Atoms,

and Electrical Charge in Single Crystal and Polycrystalljne

Oxides

2.1 Ambipolar Diffusion: A Review and Analysis

Rowland M. Cannon

Ambipolar diffusion refers to the ion defect transport
C--

in multicomponent systems in which the diffusing species are electric-

ally charged, resulting in a coupling of the diffusive fluxes by an
.-*

internal electric field. This flux coupling affects the response of

ionic or semiconducting solids to chemical, electrical or mechanical

forces arising in problems such as creep, densification, electrical

conduction, chemical interdiffusion, or chemical reactions involving

diffusion through a product layer. Because of the continuing interest

in the kinetic analysis of problems in creep and densification of

oxides, a review and analysis of ambipolar diffusion was undertaken.--

with particular emphasis on ionic conductors and the response to

mechanical or surface tension forces.

The interdiffusion of ionic compounds has been analyzed and

the analytic results compared to the Darken solu.tion for interdiffusion

in metallic systems. The amount of space charge which develops and

·         the extent of marker movement depend on the relative magnitudes·of the

various cation and anion diffusivities. For compounds in which tbe

structure is an anion network, rapid anion diffusion will result in

a relaxation velocity and marker movements similar to that occurring

in the classical Kirkendahl problem. However, if the anion diffusivity

is negligible compared to the cation diffusivities, a higher space

charge and electrostatic field develop and there will be no marker

movements.
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Analysis of the stress directed diffusion problem requires

proper expression of the driving force for diffusion in terms of the

applied stress and the resultant electric field. Utilization of

the conservation of mass and charge requirements is necessary for

complete expression of the problem. If the ambipolar coupling is

included, identical solutions can be obtained by expressing the problem

either in terms of the stress induced gradient in chemical potential

of the ions or, alternatively, in terms of the resultant lattice

defect concenttations; with either method, the problem is essentially

a boundary value problem. As formulated to date most stress directed

diffusion problems have not included correction terms for enhanced

defect mobilities as a result of applied shear stress or pressure

or from stress gradients. Specific solutions treating the transients

for space charge development or for redistribution of impurities as

a result of the space charge have not been developed; nor are there

solutions to transport problems which specifically include the effect

of the charge cloud near boundaries.

For both chemical interdiffusion and stress directed diffusion

problems, the results confirm the long held belief that the transport

processes are limited by the slower diffusing species but that the

diffusion of the slower species is enhanced slightly by electrostatic

coupling. Multiple path diffusion of the various species can occur

without violation of the charge conservation requirement. Impurities

which influence the defect concentrations can either increase or

decrease the mass transport rates as would be expected from the effect

on the diffusivity of the slower species.
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2.2 Electrical Conduction Mechanism In Single and Polycrystalline

Alumina at High Temperatures and the Effect of Gas Phase

Conduction
-    r.6 vK. Kitazawa, R. L. Coble

In order to estimate the gas and surface condition, sel f-wall

guarded samples were used to measure the electrochemical oxygen

concentration cell EMF and conductivity of alumina in various atmos-

pheres. With decreasing oxygen partial pressure over single crystal

alumina in the temperature range of 1000-1650'C, the conductivity

decreased, then remained constant and finally increased when strongly

reducing atmospheres were attained. The intermediate flat region

became dominant at the lower temperatures. The EMF measurement re-

flected a predominantly ionic conduction state in this intermediate

flat region and the electronic conducting state in the branches of

both ends. In pure, I atm oxygen atmosphere, the conductivity above

14000C was roughly

3                       8 0 K c a 1           - 1           - 10-3 x I O exp ( ) 0   cmRT

which corresponds to electronic conductivity. Below 14000C,

the activation energy was smaller, 0 57Kcal, corresponding to an ex-

trinsic ionic condition. Polycrystalline samples consisting of both

undoped hot pressed aIOmina and MgO - doped Lucalox, showed significantly

higher conductivity due to additional electronic conduction in the

grain boundaries.

The gas phase conduction above 1200'C was found to increase
-10

drastically with decreasing oxygen partial pressure (below 10 atm).
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2.3 Defect Diffusion Coefficient Measurements in Polycrystalline

Alumina
./2*2*2 R. 69%-

K. Kitazawa, R. L. Coble  

Analysing the electrical conductivity relaxation kinetics of

polycrystalline alumina, a defect diffusion coefficient was obtained,

which was assigned to either the Al or 0 ion, whichever is the faster

diffusing species. Smaller grain size, and MgO addition both show

increases in the defect diffusion coefficient. The grain boundary

defect diffusion coefficient was estimated to be:

6 s D   = 8.5 x 10 exp ( ) cm sec undoped,
-4 47Kcal    3   -1

gb                      RT

-5      19Kcal    3   -1
6 s D = 2.0 x 10 exp ( ) cm sec MgO doped,gb                      RT

over the temperature range 1100'C - 1350'C (6 is the effective

thickness of the boundary and s the segregation coefficient of

defects to the boundary region). The mechanism of grain boundary

diffusion is discussed in terms of defect mobility.

The notable result is that the defect diffusivity is higher

and the activation energy lower than the corresponding defect dif-

fusivities determined in single crystal samples.
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2.4 Self-Diffusion in Oxides

B. J. Wuensch, D. J. Reed

Values of the energies of defect migration and formation in

most oxides are not available. The reason, for many materials of

importance, is experimental in nature. No radioactive tracer·exists

for oxygen an.d convenient radioisotopes for several cations (e.g. Mg,

Si, and Al) are lacking. The high energies for defect formation in

oxides dictates that aliovalent impurity levels be less than 100 ppm

if intrinsic mass transport is to be observed. Few oxides are available

with° this purity. Given material of marginal purity, one would ordin-

arily conduct measurements at temperatures as close as possible to

the mekting point of the material in an attempt to reveal a regime

of intrinsic behavior. The high melting points of most oxides

(typically in excess of 2000'C) makes such temperatures accessible

only with great difficulty. The high vapor pressure of many oxides

at elevated temperatures further complicates such expe·riments.

Previous studies of cation self-diffusion in ZnO are presently
I--

,

being extended to Al-0 .  Single crystals of extremely high purity.-W --L-3

have recently been synthesized by chemical transport techniques. Anion

diffusion rates in this material are to be obtained through use of a

stable isotope as tracer, followed by mass-spectrometric determination

          of the isotope ratio. It is hoped to make a simultaneous measurement
---

26
of cation self-diffusion rates through use of the ratio tracer Al.

This isotope is available only in concentrations which are too low

(10 ppm) to permit determination of a concentration gradient through
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standard counting techniques. Such levels of isotope should,

however, be detectable through mass spectrometry.

Self-diffusion measurements will be conducted at temperatures=

up to the melting point of alumina and as a function of crystallo-

graphic direction. The presence or lack of an·isotropy of diffusion

will provide further insight into the nature of the jump process.

In order to protect the sample from contamination and loss of host

crystal or isotope through vaporization, the entire diffusion couple

will be encapsulated within a presse·d cylinder of high purity alumina.

Other experimental procedures which are being perfected prior to work

with the high purity crystals are means.for the preparation of oriented

planar surfaces on the crystals without introduction of mechanical

damage or contamination.

2,5 Concentration-Dependence of Transition-Metal lon Diffusion

B. J. Wuensch: G. C..T. Wei

Magnesium oxidd has been the subject of a large number of

diffusion studies. The material has the rocksalt structure and would

thus appear to be an oxide to which understanding of similar ionic

materials, such as the alkali halides, might be readily extended.

Further, single crystals, though of dubious quality, have long been

available.  Diffusion rates·of transition metal ions have been

studied in single crystal MgO by a number of workers. The results

obtained through different procedures are not in complete accord.
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Samples in which low solute concentrations were produced through

exchange with a vapor or from an initial thin-film source provided

diffusion coefficients which were independent of concentration.

Samples in which interdiffusion between MgO and the transition metal

oxide was measured provided diffusion coefficients which depend

exponentially upon transition metal ion concentration. The inter-

diffusion experiments, however, have often examined interdiffusion

between a powder and a single crystal of MgO. The concentration

dependence hinges critically on the precise shape of the solute

gradient, may be influenced by grain boundary diffusion, and depends

upon the rate at which local defect equilibration is established.

We have prepared single crystal solid solutions of

NIO and MgO with compositions ranging from 0 to 0.7 NiO by inter-

diffusion between polycrystalline MgO-NiO mixtures and single crystal

MgO through annealings for extended times at high temperatures

(IO days at 18000C). Such samples did not display uniform Ni dis-

tribution, but concentrations were constant to within at least 0.05 NiO
63over the 40 to 100 micron zone into which trace amounts of Ni were

permitted to diffuse in a subsequent annealing (16 hours at 1300'C

in air).
/0-e.2/   p,   6-v

1

The tracer diffusion coefficient obtained for pure

MgO agrees  with that reported at this temperature for low solute

concentrations. The diffusion coefficients obtained for the solid

solutions increased by an order of magnitude for concentrations up to

Mg 3Ni 70.  The concentration dependence was exponential and agreed

very well with that obtained from Matano analysis of interdiffusion
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data. These results confirm without ambiguity the fact that a

fraction of the nickel ions exist in a trivalent state and that

this fraction increases exponentially with concentration.

2.6 Defect Structures in A'203

C. F. Yen and R. L. Coble

Following earlier work on defect concentration as a function

of impurity content and defect diffusion in both single and poly-

crystalline alumina, this program__w_a*s_- initiated to further attempt
4.f==2-=23=,-W -, ---<-I- ,--I-*

to document the concentrations of lattice defects present in single

crystals of alumina as a function of various annealing conditions.

By annealing in oxygen versus reducing atmospheres and for samples

containing very little impurity content, we have found that the

density and lattice parameter of crystals changes significantly.

The temperature dependence observed was mi.nimal, and we hope to

extend that as wei I as atmosphere effects in the current studies.

Samples of somewhat higher purity than those available earlier

were  ·secured  for the present investigation, and are-b-e-i-n.g-anneale.d

at various temperatures in oxidi.zing/reducing conditions and quenched

at various rates in order to determine what contents of lattice defects

are to be retained. Those data could then be used to document the defect

diffusion coefficient for the slower diffusing species in contrast

to some of the ea,rlier measurements for which faster diffusing

defects were documented. The samples will be characterized using

gamma ray irradiation to produce color centers; the facilities being

utilized for these measurements are at Brookhaven National Laboratories.
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Dr. Paul Levy has made those facilities available to us in a coor-

dinated program. His earlier measurements of UV color centers using

non ionizing irradiation were interpreted as being due to specific
lattice defects. In preliminary studies we have found absorption.-- -

bands in the UV spectra for our samples which are tentatively con-

cluded to be similar to those observed in irradiation damage studies.
UV irradiation and color center formation in the optical spectra
will be conducted in the next phase of this work. If. the preliminary
measurements prove to be·as successful as hoped this work will ,·be

continued on through the coming year for documentation of defect(

concen·trations and migration rates as a function of temperature.

2.7 ·   Application of.Calcia-Stabilized Zirconia to the Measurement

of Oxygen·Gas Permeability -/6.€ 7   / -63

K. Kitazawa, R. L. Coble

Permeability of calcia-stabilized (CSZ) to oxygen gas was

measured with the sample tubing as the oxygen pressure detector over

the temperature range 640 i 1200'C. The apparent permeability showed
1-*

a remarkable dependence on the pressure of oxygen at the low pressure
--1

side. The permeability measured with this method was orders of mag-

nitude smaller than that measured under steady state conditions

except when the oxygen partial pressure was high (.> 10-4atm), above
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which good agreement was observed. Based on these results the dif-

ference between steady state permeability and non-steady state per-

meabi I ity was discussed. The necessary conditions for the practical            ·

appli'cation of CSZ to oxygen gas permeability measu·rement were

presented.

2.8 Defect Diffusion in Grain Boundaries:

1              A Study of Ox.idation-Reduction Kinetics in Some Transition

Metal Oxides

U. Chowdhry, R. L. Coble

A literature survey of the third transition metal oxides

revealed that the oxidation-reduction kinetics in CoO Ni O
1+X' 1+X'

and Ti02-x are diffusion controlled.

A program is presently underway to obtain a value for the#-- --
chemical diffusion coefficient in dense po.lycrystalline samples of
.--

COO +X.  Fine grain size samples have been obtained by hot pressing
.--

"'spec-pure" cobalt Powder at 3000 psi for 5 minutes at 1250'C

in a graphite die.

The experimental procedure being employed is to. equilibrate
C                                        -

the samples with a controlled partial pressure of oxygen at constant

temperatu·re. Re-equilibration following a step change i·n the oxygen

pressure is then monitored by continuously weighing the sample.

This is achieved by the use of the Cahn RG electrobalance which has

a rated sensitivity equal to a tenth of a microgram and thus enables

an accurate determination of the weight change in the sample.



28

It is possible to relate the chemical diffusion coefficient
--- -

obtained from the above experiment to the defect di ffusion coefficient

in the material. Using     dens.e      p o l y c r y s t a l l i n e     specimens     of      varying

grain size it will be possib_Le to determine the degree of enhancement
---

of the defect diffusion coefficient at the grain boundary.
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3.0 Sintering and Microstructural Changes

3.1 Irradiation Enhanced Densification

R. L. Coble, A. Bement and Rowland M. Cannon

Recent operational experience in nuclear reactors has revealed

a problem resulting from unanticipated ·densi fication of fuel pellets

which can lead to shifting and settling of the pellets, often causing

open spaces and possible collapse or cracking of fuel rod cladding.

The available data indicates that this may be a result of enhanced

densification from fission and the resultant radiation damage.  A

series of experiments are planned to investigate densification under

conditions of irradiation or fission in order to obtain further data

and a basis for modelling the problem.

The initial series of experiments will use A|203 as a model

system, since it has fewer complications and handling problems than

do U02 or U02-Pu02 mixtures.  Proton  irradiation will be employed
---;- -

to reduce the time and expense of in-pile n.eutron irradiation

experiments and to keep specimen radioactivity to an acceptable level.

Densification experiments will be conducted on materials sintered to

prescribed starting densities; a range of different particle sizes

Will allow study of both intragrain effects and defect annhilati·on at

grain boundaries.

Proton bombardment will be conducted on the 5 MEV Van de

Graff accelerator at the Lowell Institute of Technology.  Design of

specimen configuration and heating, control and measurement systems

have been accomplished. Resistance heating will supplement the beam

heating and allow independent variation of the irradiation rate and

temperature. A probe system can be used to monitor dimensional
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changes during irradiation. To obtain a uniform damage rate

through the cross-section, a maximum sample thickness of 0.005

inch is necessary; this will be obtained with a thin wall tubular

specimen which will be rotated in the beam to obtain uniform exposure.

Initial studies indicate the feasibility of fabricating samples from

a th"I n tape preform of powder and binder. Specimen microstructures

will be characterized for density and the distributions of pore size

and grain size before and after irradiation.

3.2 Sintering Studies in Chrome Oxide»Ze-  P,  foo
J. M. Neve, R. L. Coble                     -

Initial stage sintering of 9-5203 was studied over a range of
*-I

oxygen partial pressure from 0.2 to 10 atmospheres. The evapor-
-16

ation condensation mechanism which dominates neck growth in air

is shown to decrease in importance as oxygen pressure decreases.

At the e.quilibrium oxygen partial pressure for the reaction

2 Cr +.3/2 02 + Cr2 3' and temperatures of 1200'C to 1500'C, initial

stage sintering of Cr203 is shown to comply with a lattice dif-

fusion model with oxygen as the rate controlling specie. This model

applies to both high purity (99.999% pure) Cr203 and Baker's com-

mercial purity (99.8% pure) Cr203 powders.  Because of the particle

size distributions of both powders, neck growth measurements taken

from scanning electron micrographs could not be used to validate

the assumed model.
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3.3 Characterization of the Morphologica·l Evolution in a Two

Phase lsotropic System

Ljiljana Radonjic, R. L. Coble

The path and dynamics of the morphological changes are

two distinct aspects of microstructure evolution. In order to
--.

-

characterize the morphological evolution. of an interconnected

structure, an isotropic two-phase system, Vycor glass type, has
-----i- -  .

been chosen. Upon cooling through the immisibility gap, this

glass undergoes a phase separation into two multiply connected

continuous phases. The morphology developed in phase separation

is metastable so in order to decrease the excess of free energy

associated. with the interfaces, it undergoes coarsening and/or

morphological changes depending on the volume fraction and scale

of the structure.

The composition of the particular melt investigated,
.-*

was 6% Na20, 25% 8203' 67.8% Si 02.. After annealing at temperaturea

5600C, 6000C, 6500C. 7000C, 7200C. in time intervals from 0.5 hr

to 500 hrs, the structure was studied by scanning and transmission

electron microscopy.

The interconnected structure, developed at the temperature

of annealing (560'C and 600'C) coarsens with time, without changing
- --)--.«..

the· morphology.  The vol.ume fraction of the 8203 rich phase is

between 38% and 44%; the interconnectdd structure is apparently

the stable morphological form i.n this temperature intervai.
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At high temperatures (700'C and 720'C) of annealing, the

microstructure is initially highly interconnected and with time

of annealing undergoes coarsening and break-up of the connectivity

into discrete particles.  The volume fraction of the 8203 rich

phase, developed in this temperature interval is between 30% and 38%.

Instability of interconnected structure as a morphological

form is determined by volume fraction and some critical ratio of

wave length of perturbation on the surface and particle size.

Determination of that critical ratio i.s underway from micro-

structure measurements.

The wave length (A) was measured by an optical Fourier

tramsform method. Using a NeHe laser as a source of light and

micrographs of the structure as a diffraction grating, the Fraunhofer

diffract·ion spectrum is recorded, from which wave length is cal-

culated. Wave length X is changed by temperature of annealing as
-1/2T     and with time tn En = 0.5 : 0.4].  A similar time dependence is

observed for E3' determined from scanning electron micrographs.  The

time dependence of L3 suggests that the mechanism of coarsening is

not diffusion controlled but an interface reaction. The distribution

of L3 determined on model computer calculated structures, shows that

this characteristic could be used to distinguish between inter-

connected and discrete particle morphology. Particle shape effects

the distribution curves of E3 and is to be used for characterization

of morphological changes until we are able to calculate topological

invariants of the structure.
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3.4 Some Particle Size Distribution Effects in Initial

Stage Sintering
*42    P.   §31

R. L. Coble (Research extended from 1972)

As a refinement of earlier sintering models, to make them

more applicable to powders generally used in production, diffusion
Cl-----

models for the initial stage sintering of spherical particles have

been developed to cover distributions of particle sizes. A linear
- -*-.....I-

array of particles with different sizes has been quantitatively handled:

number distributions, rather than weight distributions, are considered

directly to permit summation of particle pair interactions. Evaluation

of a single particle size which will characterize the equivalent shrink-

age of the distributed array of random particles yields a size much

smaller than the size which would designate the cut at 50 wt pct finer,

as is conventionally used. Also, the effective size is smaller for the

lattice diffusion model than for the grain boundary diffusion model.

The results show that the rates for binary mixtures are intermediate
-.. ..   -

between behaviors of the end member sizes, in accordance with earlier

experimental findings.

A square array of equal spheres with contrasting interstitial

spheres has also been analyzed. In this instance coherent shrinkage

requires a retardation of shrinkage along the diagonal contacts (due

to tensile loads). Procedures for evaluation of the stress transfer

have been generated for this and similar particle packings. The

calculated shrinkage rate is again intermediate between. that pre-

dicted from earlier models and the end - member sizes.
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4.0 General Property Measurements

4.1 Electrical, Optical and Structural Properties of the,

SysTem Iron-Manaanese Oxide -a    16.3
C. A. Goodwin, H. K. Bowen and W. D. Kingery

The importance of the microstructure and submicrostructure

of the physical properties of materials have been the impetus of

much research in oxides. Enormous confusion has arisen over the

electrical and optical properties relative to the electronic structure

of the ions that form crystals of transition metal monoxides. The

similarity in the crystal structure and the lattice parameter of

the transition metal monoxides and the ability for the transition

metal ions to vary their oxidation state makes the determination of

the microstructure difficult. It has been shown in the work reported

here that careful analysis of the submicrostructure by transmission

electron microscopy can explain many of the anomalies of the optical  '

and electrical properties of this·system.

Single crystals of FeO-MnO were prepared by chemical vapor

deposition and by Tri-arc Czochralski growth, Using the trans-

mission electron microscope, variations in composition were found
0

on a scale of 100 - 300 A in samples which had been quenched from

an equilibrated state at 9000C. A different submicrostructure re-

suited from decomposition due to localized heating during the use of

ion bombardment to thin specimens. A region of solid-solid im-

-          miscibility at high temperature is proposed.

The visible and near infrared absorption spectra of (Fe, Mn)0

crystals contained crystal-field peaks characteristic of both the
2+ 2+

Mn and Fe cations. A broad, double-humped absorption peak in

the wavelength range of 0.8 to 1.3um is assigned to the one spin-parity
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2+allowed transition within the Fe cation. The splitting of this

band into two components results from a dynamic Jahn-Teller effect

or from a tetragonal distortion due to coulombic forces associated

with the defects present in the crystals. The invariance in the position
2+ 2+  2-of the Mn , 0.62Um peak suggests a constant Mn -0 distance

for all compositions. The reflectivity spectra of melt-grown crystals

exhibited one-.mode behavior while that for crystals grown by chemical

transport at 700'C displayed an irregular variation with MnO content

which is explainable by the presence of compositional inhomogeneities

on a small scale.

The electrical conductivity of several compositions in

equilibrium with CO2/CO gas mixtures was measured in the temperature

range of 900'C to 11500(. When the conductivity data are plotted as

a function of oxygen content or MnO content, sigmoidally shaped curves

are obtained. Such a variation is shown to be consistent with a

region of solid-solid immiscibility.

4.2     Electron Microscopic Study of Phase Separation in CoxNi -xO

W. D. Kingery, J. Vander Sande, E. Hall

Samples of single crystal C xNi -xO have been prepared by

chemical vapor transport. As formed, the crystals are single phase.
Extending our previous study of phase separation, Professor Vander

Sande and Ernest Hali are hea.t treating the samples and attempting
to observe the early stages of phase separation by transmission
electron microscopy.
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4.3 Relaxation Phemonena in Solids

Keizo Uematsu(Sloan Fellow), H. K. Bowen

The properties of amorphous silicon are strongly influenced
*--

by the sample preparation conditions, deposition rate, substrate

temperature, heat treatment after deposition, impurity, etc.  In

this study, an extensive experimental.survey will be conducted, in-
.--.-/

cluding the investigation of the impurity effect, which has not

been considered seriously in the past studies.
1

Amorphous silicon films were 0repared in a vacuum of 1, 10
--  --- ------ -1--

torr at a high deposition rate, 0 30 4/sec on glass substrates at

various temperatures.  The electrical tconductivity of as-deposited
- -WI--*-I<.

films was 3.4 x 10-3, 2.8 x 10-3 and 2.9 x 10-4 (Ocm)-| for sub-

strate temperatures of 220C, ·500C and:1000C, respectively. Aging

was seen for all samples. Plots of conductivity against the logarithm

of time were linear. Heat treatment increased the rate of conductivity

change with time. Below 150'C, the annealing characteristic was

strongly affected by the history of the film. However, the plots

of log time versus log conductivity have the same slope for anneals

at 2000C. After long annealing, the relative conductivity of the

films does not change; i.e. the film deposited at 100'C still has

-           the lowest conductivity.

Log conductivity after long annealing at 200'C was measured---
between 22 - 200'C and plotted against T-| and T-<;  neither

showed a linear relation over the entire temperature range. The

activation energy increases with temperature. Below 120'C, log
-1

conductivity versus T is fairly straight and gives an activation
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energy of 0.155, 0.167 and 0.144 eV for films deposited at 22'C, 50'C

and IOOIC respectively. The small activation energy for the film

deposited at 100'C is notable since this is contrary to the general

notion that films with a low conductivity have a high activation

energy. The room temperature conductivity of the film deposited at 220C

and then annealed at 300'C was almost the same, but the former shows

an activation energy of 0.144 eV, whereas the latter shows 0.19 eV.

Thus, similarity of a room temperature property does oot necessarily

mean tha-t the general properties of the film are similar.

4.4 Dislocation Behavior in Pure and Doped Magnesium Oxide

Single Crystals iplix#,60
R. N. Singh and R. L. Coble r    -

The behavior of dislocations in "pure" magnesium oxide as

well as magnesium oxide doped with various amounts of iron was

studied. The stress-velocity relationships for both edge and screw

dislocations were investigated utilizing a modified Gilman and

Johnston technique. Analyzing the data in terms of a power function,

v = Arm, it was found that the stress velocity exponent, m, in these

single crystals is very sensitive to the impurity level. The value

of the exponent was observed to increase with increasing iron content.

At 150'C, values of the stress exponent of 2.78 and 2.53 were obser-

ved for edge and screw conponents, respectively, in "pure" magnesium

oxide single crystals (with iron in the reduced state). These values

are among the lowest yet observed for Rock Salt structure materials

and suggest intrinsic control for dislocation mobility.
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The edge and the screw dislocation velocities were measured in

magnesium oxide single crystals in both oxidized (Fe+3) and reduced

(Fe+2) states.  In all cases edge dislocations were observed to move

-  faster than the screw dislocations. Therefore, the·motion of the screw

components will control plastic deformation.

In reduced "pure" magnesium oxide single crystals, the edge

dislocation mobility was controlled by the Peierls' mechanism w·ith

the double kink mobility as the rate-limiting step. The activation

barrier to the edge dis.location mobility was found to be Il Kcal/mole.

The edge dislocation behavior, in reduced crystals containing 90 ppm

+2of centrosymmetric defects (Fe ), was suggested to be controlled by

a combination of Point Defect drag and solute strain-field-dislocation

interaction drag.
The screw dislocation behavior in "pure" crystals with iron in

the reduced state (Fe 2) was controlled by the Peierls' mechanism with

the double kink mobility as the rate-limiting step. The total activation

barrier to the screw dislocation motion in pure magnesium oxide crystals

was 17 Kcal/mole. Moreover, in crystals containing 90 ppm of centro-
+2

symmetric defects (Fe ) the screw dislocation mobility was controll.ed

by conservation jog motion.

The edge dislocation behavior in crystals with iron in the

oxidized state (150 ppm Fe ) was hypothesized to be controlled by
+3

-         the non-symmetric distortions produced by (Fe   - V" ) complexes.Mg
"       "The edge dislocation behavior in pure magnesium oxide with iron

in oxidized state (19 ppm Fe ) was such that a mixed control (for
+3

dislocation mobility) consistin.g of Peierls' and Point Defect drag

was suggested.
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From the behavior of screw dislocations in "pure" and doped
+3.crystals with iron in the oxidized state (Fe  ), it was hypothesized

that the screw dislocation velocities are controlled by the non-symmetric

strain field due to (Fe' - V" ) complexes.Mg    Mg
"       "The stress strain curve for p u re and doped (Fe) magnesium

oxide single crystals in the oxidized and reduced states were obtained

for compression along [1001. Iron was found to influence the yield

stress; however, dislocation dipoles were found to be more effective
+3

in raising the yield stress than the presence of 150 ppm Fe

4.5 Grain Boundary Sliding in Oxide Ceramics

R. L. Coble, Rowland M. Cannon

Grain boundary sliding in oxides can be regarded as

demonstrated by microstructural evidence from creep tests, by

sliding in bicrystals, and by elastic modulus relaxation and

internal friction in polycrystals.. Although the sliding mech-

anism is not well understood, increasingly it is considered to

occur by the motio.o_.o_f dislocation type defects in the boundaries.-.-        -
The laws governing the dislocation motion are not yet developed;

however, most theories consider the motion to be nonconservative

and so to require some diffusive movement of atoms at the boundary

giving rise to viscous sliding resistance. The nonconservative

motion of grain boundary dislocations is also thought to be required

for emission or absorption of point defects at grain boundaries, and

so to be an important step in diffusional creep and sintering.

Finally, the movement Qf boundary dislocations and the stress
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concentrations resulting from shear relaxation at the boundary

appear to be important in the generation and annihilation of lattice

dislocations during high temperature deformation of fine grained

oxides. Hen0&, greater characterization of boundary sliding and

boundary dislocation motion would contribute to understanding of

the high temperature behavior of oxides and other ceramics and

would indicate when, if ever, these boundary processes may be rate

limiting.

Since the lattice deformation will usually be rate limi·ting,

it is.generally difficult to deduce the actual boundary sliding

kinetics from creep of polycrystals or even bicrystals. The re are,

however, some creep results on fine grained A1203 and Fe 0  in which2  3
a transition from Newtonian to non-Newtonian behavior with de-

creasing stress was reported. This may represent a transition

from a diffusion limited regime to limitation by point defect

creation at the boundary. In another study of fine grained

A1203 at high temperature, the strain rate was found to be inversely
»

proportional to grain size suggesting a regime limited by sliding

or by point defect creation.

The results of the internal friction stu·dies in several
.

» -

oxides are incomplete and often'incompatable and do not character-

ize the effects of tamperature or frequency and microstructural

variables such as purity, grain size, and porosity sufficiently to

allow mechanistic interpretations. Frequently, less refractory

impurity phases have been present which cause damping peaks at

lower temperatures.  In AI2O3 such peaks have frequently been
(-»
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reported, often in the range of 1100-1200'C, but sometimes as

low as 800'C; for material without such phases these low temper-

ature peaks are absent or very smal I. In the study by Turnbaugh,

damping significantly increased above 1300'C, but no maximum was

found even as high as 1500-1600'C; this may indicate that boundary

relaxation only becomes possible at temperatures and stresses

where lattice deformation, presumably by diffusion, sharply

reduces elastic back stresses. Another study, by Stuart, on com-

parable purity material, showed similar damping except that a peak

was observed at about 15500C, the cause of this di-screpancy is

not known although it could be related to the so called background

damping which in polycrystalline metals is thought to be related

to grain deformation. In both studies the data suggests a dis-

tribution of relaxation times is involved. Comparison of the

sliding rates calculated from these two damping studies and those

calculated·from the AI2O3 creep studies, which suggesteki boundary

control, indicate the sliding rates in creep are within an

order of magnitude of the slowest ones in the relaxation experiments,

suggesting that boundary sliding may be controlling under some

conditions.

Further slidi.ng studies are being undertaken using both

internal friction and bicrystal studies to obtain information on

the kinetics and the important microstructural effects. Emphasis              r

is on well characterized oxides, such as A'203' or perhaps MgO,

in which specimens of good purity can be fabricated.

\
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5.0 Plausible Concepts Necessary and Sufficient for the Inter-

pretation of Ceramic Grain Boundary Phenomena

W. D. Kingery

Because a good deal of confusion, implicit and explicit,

has arisen from conceptual and experimental mixups of what are essential-

ly different phenomena, we have emphasized the importance of the con-

ceptual separation of at boundary phenomena and explications related

to the grain boundary core, near boundary phenomena and explications

related to the associated stress field and space charge cloud, and

boundary associated phenomena and explications related to non-equil-

ibrium solute segregation and phase separation in an adjacent variable

thickness (up to hundreds of microns) boundary region. That these dif-

ferent boundary phenomena occur and effect the behavior of ceramics in

different ways is in accord with a wide range of direct and indirect

experimental observations.

Direct electron microscopic observations show that the.
k -

---
-/- -I.i-

core and the equilibrium stress field width of grain boundaries' is with-

in the resolution of observations (i.e. <30-50Ao), observations of low

energy coincidence boundaries, observations of the tendency for crystal-

lographic boundary faceting, observations of low angle boundaries as

dislocation networks and the continuous energy charge from low angle

to high angle configurations are all in accord with the concept that

grain boundaries can be described as having a crystallographic width

of a few lattice parameters. The different types of observations

concordant with this view and its analogy with metal boundaries amenable

to direct observation by field-ion microscopy make it highly credible.
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For equilibrium boundaries there are no serious counter-examples

opposing this view. It is in accord with diffusion data.

For equilibrium boundaries at high temperature an electric

charge on the boundary has been directly observed and its sign deter-

mined for a few systems: Calculations indicate a space charge with a

thickness of 20-IOOA' having a charge determined by aliovalent solute

concentration and.an associated change in concentration of charged

defects and charged impurities.

Undoubtedly the most ubiquitous and important phenomena

associated with grain boundaries in oxide systems are solute segregation

and frequently solute precipitation in the grain boundary region on

cooling. Direct observations show that precipitation is common, even

in "high purity" materials. In many oxide systems the heat of solution

of usual impurities or added solutes is high, the solubility rapidly

decreases as the temperature is lowered, and calculations show that

solubility limits are often 100 ppm or less.at temperatures where solute

diffusivity is appreciable.  On long time annealing of a bicrystal, con-

centration gradients associated with precipitation have been observed

to extend over hundreds of microns. Increased segregation also results

from stress fields induced from anisometric thermal concentration and

from the increase in boundary electrostatic potential on cooling.  In

addition, composition changes occur for oxides having a range of

stoichiometry when the temperature is changed at constant oxygen partial        -

pressure. For any particular material  a wide variety of compositional

variations may occur on the details of composition, thermal history

and diffusion coefficients.
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problems·associated with the application of these concepts

to real systems are primarily limited by the lack of data related to

solution chemistry and defect chemistry in the crystalline oxide lat-

tices. Solubility limits, solute vacancy association energies, com-

plex defect structures and energies, ionization data for vacancies

and interstitials and solutes are the sorts of information necessary

for quantitative calculations, but are almost nonexistent. Since

these data, after 40 years of continuous effort, are still uncertain

for sodium chloride, and since the experimental difficulties for

obtaining them in.oxide systems are much greater than for the hali des,

it seems likely that we shall have to make do with qualitative:semi-

quantitative applications in the real world of ceramics for some time

to come. However, the direction of system changes with the occurrence

of grain boundary phenomena is, at present, susceptibl·e to rational

analysis in many systems.

In summary, a relatively small number of plausible con-

cepts about the structure, composition and properties of ceramic/-.
grain boundaries appear necessary and sufficient to order and rational-

/

ize the mass of data available in a way that does not lead to inner

contradictions and is highly creditable. As with other conclusions

r           about complex ceramic systems the degree of credibility, while high,

is something less than certainty.

5.1 The Electric Charge on Grain Boundaries i.n Oxide

W. D. Kingery

Previous measurements of the electrical charge associated

)

with a grain boundary have been restricted to dislocations and a low-

angle dis·location network boundary in sodium chloride. We have carried
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out measurements with grain boundaries in polycrystalline samples by

observing the bowing of grain boundary segments (pinned at inclusions

or at three-grain junctions) in an electric field. Since a variety

of grain boundary orientations are present which may have different

characteristics, and pinning from impurities or other reasons may

occur along a boundary, and since we only view one segment of the

boundary area, the direction of boundary bowing and the sign of the

boundary change has been determined by counting the positive and

negative tangencies touching a line normal to the direction of the

applied field, using the positive and negative tangencies touching

a line parallel to the field as a statistical standard.

Experiments with sodium chloride were done with (A) Baker
- - -

AR grade powder·mixed with 0.1% Linde A alumina in air and vacuum hot-

pressed at 15,000 psi and 600'C, and also with sample (8) prepared

from Octivac laser-grade single crystal NaCI ground together with

0.1% Linde A alumina in dry nitrogen and then vacuum hot-pressed at
F-*  -
15,000 psi and 600'C (presumably water-free). The alumina was added

*--

to pin the grain boundaries and prevent excessive grain growth. Oxide
R

samples tested included Lucalox alumina containing approximately
-

1000 ppm MgO, dense polycrystalline UO2 prepared in our laboratory,
.--

hot-pressed 99.999% MgO prepared by W. B. Rhodes in the Avco Research

Laboratories, and sintered 1|203 - 0.038 wt. % Si02 and Al 0  - 0.23 wt.23

% Si02 samples prepared in -our laboratory.  Samples were contacted

by Pt-Rh electrodes, raised to temperature, held for several hours,

and then rapidly cooled by withdrawing from the furnace with tha
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field still applied. Some NaCI samples were tested with an air gap

between the electrodes and samples (2.5 mm sample thickness, 1.5

mm airgap and 1500 volt applied field) for which the electric field

in the sample was'uncertain.

Electrical conductivity of the UO2 sample  prevented application

of a significant field.  The Si02 - containing alumina samples showed

significant microstructure change, presumably resulting from silica
fli

migration in a grain boundary phase; experimental results for other

samples indicated a positive boundary change in AI2O3 (containing

1000 ppm MgO) and a negative charge in MgO and in all samples of NaCI.

While these results demonstrate the existence and sign of a boundary

charge, a detailed evaluation of the field distribution within the

sample, including the effects of impurities and grain boundaries,

is required for a more precise interpretation. We anticipate that

in the coming year these questions will be investigated with the

cooperation of Professor J. W. Cahn.

5.2 Crystallography of Grain Boundaries

W. D. Kingery

5.2.1  Faceted Boundaries

With transmission electron microscopy the existence of grain

boundaries crystallographically faceted on a scale of less than one
)-i----I---

micron segment lengths, and therefore unobservable with optical
--»---i-*------

microscopy, has been reported for UO Al 0_. MgO, MnZn Ferrite, for
2'   2 3

stainless steel ·and perhaps for other metals. The orientation of

these preferred facets has not been determined, but is presumably
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related to special low energy configurations. We -propo_se using
-     -

local area electron diffraction to determine facet orientations.

5.3 Solute - Grain Boundary Interactions

W. D. Kingery

5.3.1. Solute-Vacancy Pair Formation and Migration

When aliovalent solutes are present in oxides they dissolve...#

with the formation of vacancies or interstitials of the opposite
I -=-I.-1

effective charge to maintain electrical neutrality. Since the
.-  .- -     W.---»==1.-i-»=-=..--i. -.-rI-£.-

energy of formation of vacancies is high (4· 6eV) in stable oxides,

the vacancies formed as a consequence of solute concentrations, even

at high temperatures, are of primary importance. However, the oppo-

site effective charge of the solute and vacancies are expected to lead

to pai-r formation which is important relative to boundary interactions
9=

for two reasons: first, the associated pairs may be uncharged and

therefore unaffected by electrical effects at the boundaries, and

also, the solute mobility will be much enhanced by association with a

vacancy. Little is known about pair formation; even in simple systems

solution of the non-linear equations inter-relating the concentrations

different species can bb complex. For one simple system, ZrO in MgO,2
-

assuming a pair formation energy of leV,.and completely ionized defects
r-4                                                                                                                                                                                                                                  .

we have calculated contentrations of solute-vacancy pairs and free
---

vacancies under a few conditions. Results for one composition are as

follows:
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14000K 24000K

Total Solute Conc. 10 x io-5 10 x io-5

Free Solute Conc. 3.62 x 10-5 8.81 x 10
-5

Free Vacancy Conc. (cation) 3.62 x 10-5 8.81 x 10-5

-18 -9
(anion) 6.28 x 10 2.69 x 10

Solute-Vacancy Pair Conc. 6.38 x 10-5 I.19 x ·I O-5

We propose to evaluate changes in more complex systems and the

influence of changed parameters by computation as a basis for de-

signing subsequent experiments.

5.3.2 Solute Heats of Solution and Enthropy in Crystalline Oxides

Along with pair formation solute precipitation in systems with

solubilities that decrease to 100 ppm in the temperature range 1000-

1500'C is an important phenomena. We are collecting and analysing

available data.

5.4 Grain Boundary Nucleation, Vacancy Generation and Precipitation

W. D. Kingery

5.4.1 Direct Observations of Boundary Segregation and Precipitation

in Nd Doped Yttralox. A Polycrystalline Ceramic Laser

David Glen

Samples of Yttralox and a sample of Lucalox have been obtained

and prepared for transmission electron microscope studies of solute.

segregation at grain boundaries.

Yttralox samples which have undergone different heat treatments

were obtained f'rom the General Electric Company Research Laboratory

and have been prepared by one of two methods. The sulfate process for

making Neodynium doped - Yttralox (NDY) consists of stirring Y203

\
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powder into a filtered aqueous solution of thorium and neodynium

sulfates. After sintering, heat is applied to drive off the water.

Th-e resulting powder, in which Y2O3 particles are coated with

thorium and neodynium sulfate particles, is calcined in air, pressed

into shape and calcined again at a higher temperature. Then it is

fired in H2 at temperatures above 2000'C to obtain transparency.

In the oxalate process, powders are produced by disolving appropriate

amounts of Y, Th and Nd nitrates in deionized water so the final

composition would be 89% Y203' IO% Th02' and 1% Nd203.  The salt
solution is then filtered and oxalic acid added to form a co-

precipitated oxalate. Subsequently the precipitate is vacuum filtered,

is then calcined in air and subsequently sintered at 2170'C in dry H2.

Methods of preparing thin samples for observation on the trans-

mission electron microscope have been developed. After thinning

samples down to 10 um by grinding, final thinning was accomplished

by an ion milling device which bombarded the samples with a beam.of

Argon ions. The samples took varying times to produce a sufficiently

thin specimen, the difference resulting largely from different

thicknesses of the specimens and operational variables on the ion-

milling device.

Greskovich and Woods have noted the presence of a sulfide

r i  c h     s e c o n d     p h a s e     a t t h e gral-nb.ound-a-rieswhich     c a n      b e     el   iminated     b y

extended heat treatment at high temperatures. Greskovich has also

noticed that, under certain conditions a thoria rich phase exi€ts:

This may relate to the observed phenomena of "orange peel", a local
variation in the refractive index whose extent is reduced by ball-

milling the powders prior to sintering. The object of further studies

C
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will be to investigate the extent and morphology of solute segregation

by utilizing bright and dark field electron microscopy and to develop

techniques for the detection of solutes and precipitates at the grain

boundaries of Yttralox. S a m p l e s     will      b e     h e a t     treat·ed     a.nd     e f f o r t s     wi.ll

be made to relate the heat treatment to the solubility lim.its·of the

system. In addition, if time permits, the nature of orange peel"                    "

with respect to solute segregation will be investigated.

r
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FUTURE PROGRAM        '

Research efforts will be continued in areas of basic importance

for understanding, controlling, and improving ceramic products and

processes. These include: (1) kinetics of ceramic processes and

microstructure development, (2) relationship of properties to crystal

srructure, glass structure and microstructure, (3) structure and

properties of crystalline and noncrystalline solids, and (4) materials

preparation and characterization. In each of these areas we have

made and expect to make substantial contributions. Studies which

constitute a major part of our activity which will be continuing

activities are already described in the previous section on the

present status.

During the last year we have extended our activities relative to

solid solutions and nonstoichiometry and boundary phenomena in oxides

a·Iso related to fluorite structure systems of which UO2 is a major

example. The program plans for the coming year will not have any

appreciable effect on that emphasis.

Efforts related to films of noncrystalline material will be

continued at a low level during the coming year. We  w i l l p roceed

with the above described continuing programs. Further emphasis will

be given to preparation of high purity crystals, saturated- solution

crystals and increased emphasis on grain boundary phenomena.

Enhanced sintering/creep of proton irradiated A1203 will be

used as a model for in-reactor UO behavior. This may be extended2

to neutron irradiation effects as well if arrangements can be made

to circumvent the inordinate charges for neutron exposures; those
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i                                                                                                                                                                                                            .'

charges have precluded our pursuit of this type of work under this

contract in past years; coordination and cooperation with Prof.

Bement may make this possible.

To achieve continuity of research work on thermogradients,

a new student will begtn work in this area with Professor Bowen

and Mr. Marchant to extend the past study of Fe 0 and the
1-X

present investigation of UO and (U, Ce)02.  As the experi-2+x

mental program of Mr. Marchant will be completed in the next

year, the new student will continue the investigations of ion

migration and morphological changes due to thermal gradients in

model systems. This continuity is especially important as we

are now establishing experimental techniques for measurements

at high temperature in the urania system and methods for isola-

ting the rate limiting transport mechanisms.

f
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Diffusion Studies

(1) We propose extending our studies of mass transport in

ceramic systems to simple silicates. The specific problem to be

examined is whether, in a phase containing a tightly-bound

structural unit such as Sio42, the migration of the two species
30      18

is coupled. To this end we plan to determine Si and 0 self-

diffusion coefficients in (02Si04 and Zn2Si04 with the aid·of an

ion probe mass spectrometer. This· proposed research is to be performed

with the assistance of a German Postdoctoral Fellow, and is con-

tingent upon his being awarded the majority of his support from the

German government.

(2) Self-diffusion studies are usually conducted by following

the migration of a radioactive isotope. In many important ceramic

systems all available isotopes decay with the very short half-lives.

The product of transmutation is often an ion of different valence,

which may change the defect structure of the material.  We propose

study of this effect through (a)- theoretical study of the Solu-

tions to a diffusion equation to which has been added a time-

dependent term describing the spontaneous generation of point defects

(a function of isotope concentration and half-live), (b)- demonstra-

tion of the reality of this effect and testing of the theoretical

results through· experimental study of a system deliberately selected

to display the effect. An alkali halide is being considered for

study in as much as extrinsic and intrinsic transport in these mater-

ials is well understood, and several suitable isotopes having the

requisite short half-life and aliovalent decay product are available.
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Relation of Crystal Structure to Properties

(1) A number of materials, so called "solid state electrolytes",

display extremely high ionic conductivity. These materials find

application in solid state batteries and fuel cells. The mechanism

of transport of the mobile specie is poorly understood. Recent

theoretical calculations have provided values for the potential energy

of a mobile atom as a function of its position within a rigid array

of ions of opposite charge. We propose experimental confirmStion

of this,distribution of atoms through'high-temperature single.crystal

diffraction measurements. .The atom distribution will be determined

by a Boltzmann probability derived from the theoretical calculations,

thus providing not only a check of these predictions, but also a means

for dealing with a distribution of scattering matter which normal

diffraction theory has heretofore been unable to handle. Measurement of

the distribution as a function of temperature should permit separation

" dis-of effects of anharmonic thermal motion from·a true "smeared

tribution of atomic positions. The materials contemplated for study

are Agl and CuAgS.
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SCIENTIFIC PERSONNEL    »

1.  Senior Staff

Professors. Coble and Kingery will continue as principal

investigators. In all cases, the research program is organized, plan-

ned and carried out in close consultation with the principal investi-

gators. Professor Coble took over responsibility for overseeing

the accounting.and general administration of this contract during

Professor Kingery's sabbatical and will continue this responsibility.

Professors Wuensch and Bowen will continue as during the past years.

2. Participating Scientific Personnel

(a) Professors

Time Devoted to Research
9/1/73-5/31/74 6/1/74-8-31-74

W. D. Kingery 50% 2 months at 100%

R. L. Coble 50% 2 months at 100%

B. J. Wuensch 25% 2 months at 50%

H. K. Bowen 15% 2 months at 25%

(b) Graduate Students and Research Staff

J. R. Booth (Left October 1972)

R. M. Cannon

U. Chow8hry

D. Glen

C. Goodwin (Left February 1973)

T. Guillermo (Left February 1973)

T.  Hidaka

H. Hobbs (Left February 1973)

ft 54 .
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D. D. Marchant

J. Neve (Left February 1973)

L. Radjonic

D. J. Reed

R. Singh

K. Uematsu

G. Wei

F. Yen

Other students are to be appointed from the September 1973

admissions to Graduate School.

3.  Support by Other Federal Agencies .Involving the Same Personnel

(a) Professor Kingery - None

(b) Professor Coble - None

(c) Professor Bowen - 25% Office of Coal Research and Air Force

(d) Professor Wuensch - 25% N.S.F.

Technical Overlap - None

Future Plans for Support by Other Federal Agencies Involving the

Same Personnel

We plan that all directly i.dentified ceramic research and the

entire research support of Professors Coble and Kingery continue to

be provided by this contract and that no support of other agencies

b.e solicited.
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OPERATING BUDGET (For the period September 1, 1973 through

August 31, 1974)

Salaries and Wages

Principal Investigators:

W. D. Kingery (academic year, 50%;
summer, 2 months @ 100%) $  16,200

R. L. Coble (academic year, 50%;
summer, 2 months @ 100%) 16,200

Professors:

H. K. Bowen (academic year, 15%;
summer, 2 months @ 25%) 2,840

'

B. J. Wuensch (academic year, 25%;
summer, 2 months @ 50%) 6,540

Technicians (2.5) 28,500

Secretary (1) 8,000

Total.........$  78,280

Employee Benefits (Estimated at 17.1% of $78,280) 13,390

Research Assistants (9 @ $670/mo) 72,360

Overhead:

(Fiscal Year 1974 estimated at 58% of Salaries
and Wages) 72,790

(Fiscal Year 1975 estimated at 62% of Salaries
and Wages) 15,560

TOTAL SALARIES, EMPLOYEE BENEFITS AND OVERHEAD......  ......$ 252,380

'1'

11
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BALANCE BROUGHT FORWARD. ........$ 252,380

Materials and Services

Publication Costs $  5,000

Services:

Chemical Analysis 4,000
Computer 4,000
Machine Shop 2,500
Electron Optics 2,500

Total..................13,000

Equipment & Repairs Non-Expendable:

Major Microscope and Accessories 8,000

Equipment Expendable:

furnaces, thermocouples, furnace liners,
sample holders, dies, heating elements, etc. 9,510

Laboratory:
Chemical and Office Supplies 9,510

TOTAL MATERIALS AND SERVICES...............................$ 45,020       '

Travel 2,600

TOTAL OPERATING EXPENSES REQUESTED........................$ 300,000

Estimated Balance from Current Funds as of August 31, 1973...None

TOTALNEW FUNDS REQUESTED.................................$ 300,000
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FINANCIAL STATUS            -                                                   '

(a) It is anticipated that all currently available funds

will be spent by August 31, 1973.

(b) Budget: This research has continued at essentially a

constant dollar level for the last few years. The impact of in-

flation, increased graduate student stipends, and increased over-

head rates made it imperative to decrease the number of graduate

students to be supported last year. We will operate on the same

basis this 9ear.

At the present time we have three graduate student associated

with the research who have independent fellowship or teaching

assistantship support. We shall endeavor to increase that con-

tribution.
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PUBLICATIONS

(a) Theses

f/i  T. Anderson, "The Crystallography of Non-Stoichiometric Cerium

Oxide, Ce 02-x," Sc.D Department of Metallurgy and Materials

Science, August 1972.

J. R. Booth, "The Growth and Properties of CVD Single Crystal MgO,"

Sc.D  Department of Metallurgy and Marerials Science,

August 1972.

L.P.C.Ferrao, "Chemical Vapor Deposition of Solid Solutions in

the System Zirconia-Yttria," Ph.D Department of Metal lurgy

and Materials Science, September 1972.

< C. A. Goodwin, "Electrical, Optical and Structural Properties of the

" Sc.D. Department of MetallurgySystem Iron-Manganese Oxide,

and Materials Science, February 1973.

T. Guillermo, "The Crystal Structure of Getchellite, A s Sb S 3, " Sc . M

Department of Metallurgy and Materials Sceince, February 1973.

 . Neve, "3-Lntering Studies in Chrome Oxide," Sc.M Department of

Metallurgy and Material  Science, Fenruary 1973.

W. L. Robbins, "Characterization of Defects and Diffusivities in

Doped Single Aluminium Oxide," Sc.D Department of Metallurgy

'««Ii N. 'rIng....DI'l,c.,1"c"h.':"tiri'...e and Doped Magnesium
Oxide Single Crystals," Sc.D Department of Metallurgy and

Materials Science.
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(b) Papers

=2  R. L. Coble and C. F. Yen, "Spheroidization of Tubular Voids in
--------- - r              =--

 1203 Crystals at High Temperatures," J. Am. Ceram. Soc.

55 (10) 507-509 (1972).

R. L. Coble and S. C. Samanta,.."Correlation of Grain Size and

Density During Initial Stage Sintering of Ag," J. Am. Ceram.

Soc. 55 (11) 583 (1972).

D. Adler, H. K. Bowen, L. P. C. Ferrao, D. D. Marchant, R. N. Singh

and J. A. Sauvage, "Effects of Thermal-Neutron Irradiation

on Amorphous-Silicon Films," J. of Noncryst. Solids, 8 (10)

844-849 (1972).

H. K. Bowen, W. D.. Kingery, M. Kinoshita and C. A. Goodwin, "Chemical
--\//----

"Vapor Transport of Transition Metal Oxide Solid Solutions,

J. of Cryst. Growth, 13/14 402-405 (1972).

J. Sauvage and C. J. Mogab, "Electron Tunneling into Amorphous

Silicon," J. Noncryst. Solids 8-10 607-613 (1.972).

J. Sau v.29e, C. J. Mogab and D. Adler, "Temperature-Dependent

Tunneling into Amorphous Silicon," Phil. Mag. 25 1305=1312
--.--I

(1972).

F-' H. T. Anderson and. B. J. Wuensch, "Cerium Oxide-Yttrium Oxide

Solid Soluti.ons," J. Am. Ceram. Soc. (May 1973) in press.

3 H. T. Anderson and B. J. Wuensch, "The Crystallography on Non-

Stoichiometric Cerium Oxides," Fast lon Transport in Solids-

Solid State Batteries and Devices, Ed. by W. van Gool, North

Holland Publishing Co. (1973) In press.

P. N. Dangel and B. J. Wuensch, "Growth of Zinc Sulfide by lodine

Transport," J. Cryst. Growth, In press.
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B. J. Wuensch, "The Crystal Chemistry of Beryllium," Chapter 3A

Handbook of Geochemistry, Vol..11, Springer Verlag, New

York, In press.
63G. C. T. Wei and B. J. Wuensch, "Composition Dependence of  Ni

Diffusion in Single Crystal-NiO-MgO Solid Solutions,."

-J. of the Am. Ceram. Soc., In press.

i  T. Guillermo and B. J. Wuensch, "The Crystal Structure of Getchellite,

AsSbS3'" Submitted to Acta Crystallographica.

R. N. Katz and R. L. Coble, "The Effect of Impurities on the
"

Dislocation Behavior of Ca F , J. of Am. Ceram. Soc. In
2

Press.

\ K. Kitazawa and R. L.,Coble, "Defect Diffusion Coefficient Measure-

ments in Polycrystalline Alumina," J. Am. Ceram. Soc. In review.

K. Kitazawa and R.. L. Coble, "Electrical Conduction Mechanism in

Sin·gle and Polycrystalline Alumina ·at High .Temperatures and

the Effect on Gas Phase Conduction," J. Am. Ceram. Soc. In

review.

R. L. Coble, "Some Particle Size Distribution Effects in Initial

Stage Sintering," J. Am. Ceram. Soc. In p.ress.
C

R. L. Coble, S. C. Samanta and F. C. Yen, "The Kinetics· of the

Intermediate Stage Sintering of Silver," Phys. of Sintering,

In press.

R. L. Coble and  N. M. Parikh, Fracture, An Advanced Treatise,

Ed. by Harold Liebowitz, Vol. 7, Fracture of Non-Metals

and Composites, Chapter 5, "Fracture in Polycrystalline

Ceramics," 245-311 (1972).

\
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K. Kitazawa and R. L. Coble, "Application of Calcia-Stablized

Zirconia to the Measurement of Oxygen Gas Permeability,"

Submitted to J. Am. Ceram. Soc.

M. Kinoshita, W. D. Kingery and H. K. Bowen, "Phase Separation in
--.e

NiO-CoO Solid Solution Single Crystals," J. Am. Ceram. Soc.

In press.

H. K. Bowen and W. D. Kingery, "Growth of Wustite (FeO) Crystals by
-,      ---  ---  I .

Chemical Vapor Deposition,"  Submitted to J. of Cryst. Growth.

H. K. Bowen and W. D. Kingery, "Effect of a Temperature Gradient on

the Stoichiometry of Fe _ 0,"  Submitted to J. of NuclearX
M--I-,1

Materials.

R. J. Booth, W. D. Kingery and H. K. Bowen, "The Growth and Properties

of CVD Single Crystal MgO," .Submitted to J. of»Cryst. Growth.

L. P. C. Ferrao, H. K. Bowen and W. D. Kingery, "Chemical Vapbr De-
#-#.-.--1.

position of Solid Sdlutions in the System Zr02-Y2O3'"  Submitted

to J. Am. Ceram. Soc.

\
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ACKNOWLEDGEMENTS

'                 We are pleased to report that the Basic Science Division of

the American Ceramic Society has invited Professor Kingery, largely
..

on the basis of the accumulated research results made in past years

to present the first Distinguished Sosman Memorial Lecture to a

plenary session of the Society at its Annual Meeting. His subject

will be "Plausible Concepts Necessary and Sufficient for the Interpret-

ation of Ceramic Grain Boundary Phemomena.
"

Professor Coble was invited to give the introductory general

"review of Progress in Sintering Theory" at Kuczyuski's Conference

on Sintering and Related Phenomena, to a group representing outstand-

ing international contributors to this subject area. He also received

the American Ceramic Society's Ross Coffin Purdy Award for the out-

standing contribution to the ceramic literature in 1970. ' Both relate

to broad ranging accomplishments·made.possible by continuing support.

Professor Bowen gave an invited paper at the Fall Meeting of

the A.S.M. on "Thermomigration in Ceramics. This area of research11

is part of a continuing program related to analytical modelling

and measurements of ion migration due to temperature gradients.

Professor Wuensch was elected Fellow of the Mineralogical Society

of America on the basis of his contributions to diffraction and crystal-

lography. He was also elected Fellow of the American Ceramic Society

as a result of his continuing contributions to diffusion and crystal-
)

lography. He has continued to serve as Basic Science Editorial Subchair-

man for the American Ceramic Society in which capacity he is responsible

for review of papers concerned with diffusion and crystal chemistry.


