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I.  INTRODUCTION

The basic research ﬁragram in ceramics sponsored by the U. S,
Atomic Energy Commission supperts the majority of the cevamic rasearvch
effort and graduate student training in ceramics at M.1.T. Various re-
search subjects have been investigated in the past including heat con-
duction, surtace char@éter%sticsg.diffusicn in oxides, high-temperature
kinetic processes, microstructure development, effects of microstructure
on properties, the structure and properties of noncwysta?iine ceramicsy
dissolution kinetics, materials preparation, and solid-vapor reactions.

The current program is described in Section IT, which foliows.

The research program this past year has been supervised by
Professor R. L. Coble; Professors Wuensch and Bowen have alse pafticipatedo
The experimental work is mosily perfermed by graduate studenis working
tovards advanced degrees, along with technicians and research staff. For
the current research deseribed in the following section, supervising staff
members and students are identified for each individual project. A1} work
has been planned with and aﬁpr@ved by Professor Coble.

During this year staff members assgciated with this program have
remained famiiiar with other Atomic Energy Comunission programs in ceramics
by visiting or Teceivingcvisits from personnel at the Argonne National
Labcratory; Battelle-Northwest, and Oak Ridge National Laboratory. ..Me have
also visited nuclear materials research laboratories at Brencble in France,

and Boris Kidric Institute in Belgrade, Yugoslavia.

11, PRESENT STATUS

At the present time projections indicate the UOZ and other ceramics
for nuclear fuel applications will be a critical factor in nucliear power

development and also hecome a major produci of the ceramic industry. Thus,



develcpment of new understanding‘of phenomena in the,fie!ﬁ‘of crvstalline
and noncrystalline ceramics outside of the traditional silicate based
ciay»g?éss;cement sector seems certain io be applicable to A.E.C.
responsibiiities. These considerations have led us to continue our cone
centration on fluorite-structuve materials and on ﬁ@nstoichicmetwys salid
solutions and grain boundary phenomena in oxide systems, v
The curvent vesearch program iﬁ cevamics at M.i.T, canlbe broadly
described as including: (1) research on kinetics of phase changes, diffusion,
and the development of microstructure in ceramics, (2) relatienship of pro=
perties to composition, crystal siructure, and microstructure, (3) wesearch
on the structure and properiies of thin films and noncrystaiiine solids,
and {4) materiais synthesis and preparation. Each of these areas of research

is described in detail in the report,
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1.0 Defects, Diffusion, Kinetics of Phase Changes and Micrestructure

Development

1.1 Defect Diffusion Coefficient in Poiycrystal Alumina /<L£U@///ﬂ? , E;T}

{Professor K. L. Coble; K. Kitazawa)

In crdey to better understand the mechanism of grain boundary
enhanced difquiOﬂn defect dnffus%on coef fficients in polycrystal alumina
were measured by ejectrical conductivity following a step-wise change of
the atmosphere. The observed time relaxation curve was weil explained by
a model assuming that: 1) polycrystal alumina is dominantly an electronic
conductor; 9 the electronic defects are generated to compensate the charge
of excess atomic defects; and 3) the atomic defects are generated or
annihilated by the oxygen incorporation reaction which is rate controlled
by the diffusion process of the defects. befect diffusion coefficient was
obtained for poijrryqzalﬁune samples with different grain size and Wﬁﬁh
different smpurﬂty conﬁent, The vrasults may be represented by:

a) Hot-pressed non-doped sample (GS = 4u)

D, = 5.3 exp (- §é@§,k5d5) em/sec;  1100-1330C

b} Hot-pressed non-doped sample {6S = 15u}

47 kcal

Dy = 1.7 exp {~ e e /sec9 1197-1305°C

¢) MgO-doped sample (LUCALOX) (65 = 30u)

~d 38 ? kcai

Dy = 2.0 % 107¢ exp (= R LY enffsec: 1100-1350°C

The fesuﬁts obtained showed ?he following characiers:

1} The Dd in polycrystal aiumina is a few orders of magnitude larger
than that in single crystal;

2) The Dd i increased with decreasing grain size;

3} The Dd is enhanced by the presence of Mg impurity.



. o 9,

Comparing the present data with the other available data; the
defect cencentration in poliycrystal atumina was roughly estimated. Although
the deféct is not identified vet, the following may be concluded from the
present study: the defect of aluminum or oxygen ion, whichever diffuses
faster, is itself enhanced in its diffusion on gwéin boundaries and ig
also enhanced by some impurities. This indicates that the possible
mechanism of grain boundary diffusion is not only related o possible
increased defect cencenirations near boundaries, but also to enhanced

motion of the defects on the boundaries.

1.2 Characterization of Defects and Diffusivities in Doped Single Crystal

AlTuminum Oxide

{Professor R. L. Coble; W. L. Robbins)

Investigation of the defect structure and diffusivities in doped
~ .
and undoped single crystal aluminum oxide was undertaken.

Diffusivities and mobilities in tiﬁaniuﬁ doped single crystal
e

aluminum oxide were determined by the observation of a color boundary
migration, Titanium doped single crystais of aluminum oxide are pink in
a reduced condition. Upon oxidation, they become c!eaé with the clearing
taking place by a color boundary migration.. When oxidation of previously
reduced crystals takes p%aé& in the presencé of a d-c field, color houndary
migration paraliel to tha field and away from the anode is enhanced. Thé
color boundary migration perpendicular to the d-¢ field allows determination
of a diffusion coeffﬁcient,,whiie that parallel allows determination of a
mobiiity.

The vesults of this work indicate that aluminum oxide is 2 material
" in which both time and temperature processes as well as atmospheric effects
must be considered. Factors effecting the color boundary migration were
found to be reducing times and temperatuves, oxidizing times and tempera-

tures, background impurity content, and titanium concentration. Diffusion

-
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models indicate that the color boundary migration is the result of atAieast ,
two mobiie species,

- Lattice parameters and densities were determnined foé doped and
undoped siﬁgie crystals containing Va“i0“5’935§§§?Eff,ifﬁfffffff: These
crystals were invesﬁigated in both an oxidized (a%r/anneaied) and reduced
(nitregen annealed) condition. F%om the measuvred lattice paramelers,
densities were compared to the measured results with the best agreement
being obtained when association of divaient and tetravalent impurities is
assumed according to the following reaction:

c N\ X
2 . * (3’2? T

Al Al A1 Al

in addition, the lattice paramsiler determinations indicate an
expansion of the lattice, particulariy in the Cad%rectien‘resuﬂting from
the impurities and dopants present.

1.3 Mass Transport in Crystals

- {Professor B» J. Wuenschy D. J. Reed)

The anisotropy of transport in ultra-high purity Aizﬂg is being
studied. It is hoped to obtain tracer diffusion data at temperatures as
close as possibie to the melting point of the ﬁaﬁefiaﬂ in order 1o reveal
a vegime of intrinsic trahsparta Since jsat@pes suitable for conventional
specimen‘preparatien are not available for either Al or U, 1t s planned ’
to analyze the samples by means of novel mass spectrometric metheds,
Hork §s proceeding on sampie preparation to insure that the ultra-high ;><:::T

purity of the crystals can be maintained,

¥.4 HMass Transport in Crysta%s
{Professor B. J. Wuensch; K. S. Kim) ) :

oz 17

Cation self-diffusion in single-crystal Zn0 was measured as a
function of temperature and crystallographic direction in an earlier 0>r
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portién of this study. These resultis indicated that diffusicn is isotropic,
within experimental error. The magnitude of the diffuzion parameters
sbserved, along with the lack of anisotropy, suggests thet ektrinsig
diffusion via zinc vacancies had been observed, and not the wigration of
interstitial zinc in terms of which mass transport in this material had
been ﬁreviously~interpre%sd°

65 diffusion in zinc oxide has been extended to

Study of In
include measurementvb?”digiocatian and grain-boundary diffusion rates.
Low temperature (750°-3000°C) isotope gradients in single-crystals display
a "tail® indicative of a contribution from a second mass transport mechanism.
These porticons of the gradients have been anaiyzed in terms of Suzucka's

exact theory to provide as dislocation pipe diffusion coefficients:

7 1078 exp-(2.0 + 0.4 eV¥/kT)

2]

along a: 60“3

il

~
£y onm

aleng b: 8D’ = 8 10-11 exp-(1.5 » 0.3 sV/k¥).

In view of the scatter in the data the differsnce in rates along the two
crystallographic directions may not be significant. Peolycrystailine
compacts of Zn0 display cation self-diffusion rates which are ma%e rapid
than those of singieecrysta!‘sDeéimenso Betwsen 950° and 1100°C the
grain-boundary diffusion ceefficient has anAactivatien energy of 1.0 to
1.5 e¥. The enhaicement of transport at grain boundaries has been shown
te exhibit a strong dependence on annealing time. The effect is there#@ﬁé
extrinsic in nature and is pfebab?y Tinked to non-stoichiometry at the
vboundaryo We have recently initiated a similar étudy of anisocivopy in

uitra-high purity A1,0,, °



1.5 Survey of Diffusicn Studies on the Transition Metal Monaxides
{Professer R. L, Cébie; U. Chowdry} '

A literature survey of all the 3¢ transition metal oxides is
being conducted to determine & system in which the weight change kinetics
are diffusion controlled. The alm is 1o be abie to obtain & significant
resuit for a defect ¢iffusion cosfficient. Using dense polycrysialiine
specimens of varying grain size, it is possible to determine if the defect
diffusion coefficient is enhanced along the grain boundaries. In the case
of Fel, ¥n0 and VO, the kinetics have been reporied io be controliled by a
surface reaction in ceritain atmospheres and certain tempe?aﬁure‘rangesq

. Since'%he bulk diffusion coefficient is high in éh@ transition
metal oxides, no significant studies of enhanced diffusion along the grain
bourdaries have been reported, There s no literature on diffusion studies
at dislocations for thess materials.

A report is presently being compiled of all the pertinent diffu-

sion data available to date on these materials.

1.6 Sintering Qf Crgga
{Professor R. L. Coble; J. Neve)

The effect of atmasphéwe on stoichiometry and thus diffusion rates
has been established in the sinteriﬁg of a number of oxides. Recentiy,
essentially theorétﬁca%ly dense 6r203 vas obtained under oxygen partial
pressures near 70"12 atmospheres. Prior to this study, the sintering of
ﬂrzaa at much higher @xygéh partial pressures had been investigated
assuming evaporation-condensation and volume diffusion mechanisms. The -
validity of some of the conclusions from these past studies is questﬁonabié

hecause of the inadequate data. A sintering study of Cr203 at various

/

4



oxygen partial pressures is needad to deteymine both the mechanisms and
rate controiling steps involved. Iniermediate stage sintering models wi{i;i:><:://
be applied and possibly altered in interpreting data.

1.7 Characterization of the Morphological Evolution in a Two-Phase

Isbtr@pic System

{Professor R. L. Coble; L. Radonjic)
“In order te better understand the evolution of the micrestructure,

an isotropic two-phase  system has been chosen for study. In a Vycor-

type glass, after phase separation the phases are interconnected. Upen
/______-_’__/—\ N
annealing, the interconnected structure may undeirgo morphological changes
— .
or simply coarsen depending on the specific form and the volume fractions

of the phases,
initial studies have been conducted cn Vycor-type glass composition:

6% Nazﬁ + 25.6% 8203 + 68,5% SﬁOZ, which undergoes phase separation into
multiply connected continuous network of the S?szPich and NaZO % 8203arich
phase upon cooling through the immiscibility gap. Afier annealing in. the
temperature interval 560° to 710°C, the morphology has been examined by
scanning electron microscony.

For quantitéi%ve characterization of the interconnected structure,

it is necessary to measure scale of structuve A, and the shape and degree

interconnectivit o.
of int o Y P
Measurement of the scale of the structure is now underway, using an 676@5&2\
< O~

ogptical Fourier transform method. Information about the apparent scale
of structure observed in real space cannot be readily interpreted. It
is necessary to perform a Fourier analysis of the texture in order to
evaluate the (spinodal) waveiength {which is strictly defined only in
reciprocal spacej. Us@ng a laser as source of Yight and a micrograph as

a diffraction grating the Frauhofer diffraction spectrum is to be recorded,
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from which the wave.eugihs can be detevmined., Variations in wavelengihn
with temperature: time histories, composition, or initial morphologies ave

nterest,

lta

the points of

1.8 Sphersidization of Tubular Voids in Aluming Crystals at High

Temperatures

{Prvfe“,ar - L. Coble; C. F. Yen}
Cracks introduced into single crystal sanoh i res 5 were obserived,

after annealing, to have broken ¢ st into channels of cylindrical

o
-
-5
s
u‘\

Py 0}

voids and ultimately inio rows of spherical pores, with the thicker gap

4
i
o
©
ruz?
=
z I‘Q

s $n ihe original crack vemaining or en. Break-up of the cylindri-

cal vuiﬁﬁ'was studied upgn subsequent? annealing and Ffound 4o conform &0 -

the models for surface diffusion conirniled material Lransport. AL the

i L s £ IR S]] e s LYY DAL WL bE GBI EAL o L LI AQ/Q/
temperatures of ﬂeagurexaﬂ“ ithe magnitudes of the surface diffusivities .751 Efi)
caiculated are in good agreement with values reporied eariier,

tage Sintering of Stiver

N

[

§.9 k;neiwcs for the ?nxewi diate

(Professor R. L. Cobles; 5. C. Samanta and T, F. Yen)

Sintering of silvey compacts of varyi ag particie sizes wag ./>\\—
3] L g £

AL

"

investigatad in the intermediate stage of the process where densifi atéo”"

rates are obsarved at known grain sizes in order o evaiuate the kinetics

modeis for the process when boundary i Ffusion is contro tling. Grain

growth Kinetics are alse measuved and the kineties are compared with these

F& ]

hxb“ted vhen sintering is P@ninVSud by Tattice ditfusion. Contrel by

tattice diffusion was observad §ar silver al high temperatuves and larger

.

initig} partic 1e sizes.

7.10 Some Particle Size Distribution Effects in Sintering

{Professor R. L. Lobie)

wdy
PN

nitial stage sintering of spherical

\

Diffusion models for the
particles have been deve!op@é 0 cover dag cributions of particia sizes..

Gf various possible threeaaamensaen34 avryays of int erest, oniy a linear



15,

array of particles with the different sizes randomiy distribuied along

it has been quantitatively handlied. Analysis of that situation shows that
number distributions rather than weight distributions must pe considered
to evaluate the particle pair interactions. Designation of a single
particie size which will characterize the equivalent shrinkage of the
distributed array of vandon particles shows that size is much smaller than
the size which would designate the cut for 50 wi, pct. finer as is convene
tionally used, Aliso, the effective size is different for the lattice
diffusion model than for the grain boundary diffusﬁﬁn control led 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,

1,11 Thermal Gradieat Studies

{(Professor H. K. Bowen; D. D. Mavrchant)

Some worpholegical and chemical properties of UGZ%X are being
Piahis

investigated after annealing in a thermal gradient., The current work §s
\____f? :

being done on polycrystalline sintered pellets., If quality single crystals

can be obﬁainédg some of these studies will be expanded to single crystals.

The basic procedure consists of imposing an axial thermal gradient
along a2 row of sintered pellets. Thé pelliets are then siiced and various
ﬁropertﬁes are measured on each slice, Since each slice approximates an
isothermal condition, various properties can be measured as a function of
tempéraiure and temperature gradient. Twe other variébﬁes used are furnace
atmosphere and tine. .

The morpholegical studies measure grain and pore size, shape and
size distributidn; The samples are also checked along the gradient to see

17 significant pore migration has occurved especially through the grains,

- The chemical measurement consisis of determining the ratio of oxygen to

uranfum atoms (0/U) in the various slices. This ratio can change in a
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the?ﬁa@ gfadienty~ ahb cnanae in this raa;a deomads o the various methods
of mvgra:aon of ?ne eyvqen and vvanvum ratios. The change in the ratio
depends on severa? adjustabée pa?&meters %ike the furnace atmosphere,
tempé%aturég temperature gr dsﬂn» and fxper:vﬁnuaé geomatry, which ave
beihg-Qériéd to see their 7nd1vidya? effects, |

The ﬁherma? gradient meésu@A%ants have been made in vacuum
(10" =3 terr) with a nrad*enn From 1700°C to 1400°C over a 7 cm length of

sintered peheus° The initial pellets were 92 5 95% theovetical density

‘wath an adJustea OIU wai ¢ of 2.02, established by isothermaliy praannealing

f—

the sambiés in a controlled Co/co, gas atmospheres The thermal gradieht

anneals have been For témSS'iess than 24 haursa Grain growth has orcurred
—

above 1500°C. So fars 1o n@tnce ble pore entrapment has dccurred indicat-

ing-only nowmal grain growth. The imposed gradients have not been higﬁ
enough to find dnb pore m g% ation. The U/U vatio vemained unchangad

with the method of measurement used, &e attempted to determine the QU
ratie by measuring the lattice parameters with g Debye-Scherrer X-ray
powder camera, This method is not precise ensugh since the changes in
Tattice pawameﬁérs for this type of éxperémeht are so small théi they are

~

within the Vimits of accuracy of the Dehye~Scherrer technique,

Another method of determan%nq the O/U ratic is by cxidizing the
sample 950°C in air to U 08 and measuvring *h@ wa change, which requirves
a precise method of measuring weight changes° A Cahn Recording )
Microbalance is currently being useds the senéitﬁvity of this unit is in

micrograms which has allowed measurement of O/U ratios in ﬁhe.ranga of

X'+ + 0.001 for W0,y
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1.12 Thermai Gradient Studies in {U.Ce)0, Compositions

(Professor H. K. Bowen; D. D. Marchant)
The unders*analng of fundamental m a EhnﬁOﬁeﬂa xn mixed

- Py

oxide nuc?ear fudls is very 1mp@w ant to the d@»e:eprenb Gf the mixed

b3

oxide reactor techhe?cgyé tnitial studiss by variuuc qycuvc have’ qypmthesized
thatcﬁffuszon migration becames vmportdrt at high temperatures, iead1ng to
hot end enrﬂchments wh%cn WEQPQL?GR for plutondum greatly mod!ries reactor
perfovmance’ |

For deTUS?Qﬁ m1QWa?@0ﬂ a heat 6? transport Qﬁ can be»kinet%céiiy
defined dS ; = Q*/RT where S = c“e{ "’?icfent; -F0w~a twa-cempanenf
system of molar ?TuCﬁ?OHS A and 1-2, “TF:TT EF? They erqra the heat
of tranSporL cives a paramntﬂ? Lha? in dbC&tﬁS the amount of migration of
cenponents by a diFfusion mechan?sm undew steady state cenditiﬁﬁso

The heat of transport appears te have a temperature dsﬁendehceo Tﬁﬁs
temperature dependence nas not been detevmined for {U,Puu, due to the
experﬁgmnta? probliems at temperatures above 2400°C. Since gggggiﬂﬁ;j§ a2
lower temperature system, the temperaw?‘e dependence of the heat of ‘

e

_—  —
transport can axpervwentdlij be measureds Two important applicaiions can

—_— :
be made of this data. .Fﬁrsis the temperature dependence can be reiated
to (UQPU)Ozo Second, cerium is a common fission nr@duvt and studying the
migration can‘héﬁp in char&ctewfzingvthis and other fission product migration
in the ?Ueﬁ matrix,

Initial studies have been made an_fggflgat? m of sintered pp?lets of
nwgh dencvtyu Uni form peliets have not been succesa?uisy fabricated by
Standard mixing and annealing technmquaso Lither freeze drying and/or

-

solution precipitation techniques will be next tviedc
To understand the effect of boundaries on the diffusional migration ;;?J?Q

. . . . ny - . . /
in (UDCe)GZ system, various thermal diffusion studies need to be made on

single crystals., As part of our chemical vapor deposition singie crystal



studies, the arowth 6f crystais 0F uniforn { 'U,Ce)ﬂz will be attempted.
This w%?i ﬁEQui?e a special ﬁype of Ffurnace design. The,ca?rfer gés wi?%

be chiorinéo A& dual injector will be designed to flow cerium chio?idé; |
urantum ch?bridg arid gxygen ower éh’ dbpe i on ares in centrolled ahGUntsi.

The cempasitiqn of the resulting single cryst tals can be varied by adjus ting
the flows of the u%anium and cerium gas speciss,

2.0 Waberia? “fenar H%qh Purity Singile L?yatai Grows h

2.1 Cud Fremih of bO ﬁnq%e aysbais

L BT g

Fessor Ho K. Bowen; R. Ne Singh and D. D. Mavrchant)

{Professor Q &o uabé
. To 2lGcidate whe mher atne% fluorite Jﬁ‘uctuv* mate'? Sy naﬁéiy
ﬁﬂp and Th@z show disieﬁat%dﬂ &ehaviay similar to Cana it was preposéd_tc
study the velacity of edg@ and screv divf ations & & funcition of stress,
'%emgﬁwaiwre.@nd n@nmﬁvbichecmaaryg' H@weverg because of ﬁhe ynavailability
of good QUaEﬁty crystals 1% was decided te grow some crystals by chemical
vapor deposition, X
Ff@?imﬁﬂafy f@as%b%?ity studies were done by growing Uﬁg §ingie”
crystals in a c?esad’sysﬁgﬁiggﬁnggﬁggﬁ@g_as tr&nsaartiﬁa agent. The
source material was 'U@Z powder and the substrate &,spd Was b%ﬂgﬁg crysta
' UOZ0 cutband polished on a {11%) plane. The subsirate and source materials
were placed in.a silica tube spprowimately £° apawﬁo The silica tube was
evacuated to %G” wn pressure, ref *EI d with the desired pressure of
chlorine, sealed @ff and placed in a temperatire gradient (about 25°C)
furnace ai an average temperedure of 945°C. This results in tramspert 0?
UGZ from the het end i@ the cold end (§.e., onto the substrate).
| The growth rate has been measu?ed as a function of subsirate
temperature, temperature gradient and prassure of chlorine, The conditions
for maximum growth, based on the thermedynamica? calcualtions, give good

quality single crystals. Characterization of {he crysials by measuring
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hardness, chemical compositiion, disisccation density and ¢t01chzﬁm Lry

is continuing. X-ray and DebyemSCheﬁrerlpatierﬁs were taken in arder to
identify the structuve and to determine the lattice parameter and stoichio-
me%pyi From five patterns taken (di Frevent sampies) it was Found that the
crystals had fluorite structure and wars a litile hyperstoichiometric, An
éttemht was made to caleculate the oxygen partiéﬁ gfessure generated due ﬁ@

the reaction of Uﬂ? with chlorine by the ¥ollowing reaciion:

UG 4.2 uﬁ?,_m._ i§C£4 + GZ

Eﬁ'was found that the equl 1ibrium pa?tﬁaﬁ pressurs of oxygen was
2nough £0 *endﬁw Uun crystals slig y hyperstoichiometric.  For more
accurate measurements, the nﬁgravimeiry is beﬁny useds

The micrchardness meagumemeatt shoy & subsﬁéwt@&@ décreasa from an
average vaﬁue of 1050 for the substrate to a value of 450 for the crystaﬁs
grown by CVD for a load of 50 gms, This suggests relatively higher purity
and low dislocalion density for the CVD @r@wﬂ crystalss Vo find the dis-
Tocation demsity a crystal was etched in & selution with 1 mi su}pha ic
acid, 7 ml water and 3 w1 hydrogen peroxides Optical microscopic examina-
tion showaed two distinct kinds of etch pit shape that had developed. One
has Pe'avenai or $ix folid s;rmwtwv wsa@e the other has threa Told symmetry,
The et chang ptane was {(11t) and dislocation sich pit should d give three fald
- symmatvy as is generally ebsewvedo ~Une important point %o note is that
all the hHexagonal etch pits developed at the site of triangular thermal
etch pits developad during the growth of the crystal. In grder to confim
whether thé hevaqana? @ien pits cor?eépcnd A, dié%@c&tﬁ@ngg HePay t@p@gr@p%y

wiil be done., The above-nentioned obser rvation as to the different shapes:

of eich pits is under further investigation. The dislocation density
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perpendicular to the growth divection appears to decrease from a vaiue
of 10 /c t 304/cm' as we go from the substrate to the crystal deposited
by C¥D. This alse suggests a possib%lity of gfowing low dislocation density
cfystaﬁﬁo It is aiso hoped éﬁat the aha!ysis of the data would shed some
iigﬁﬁ on the kinetics of growth. |
Although the closed system method of CYD growth of cwystais is
good for crystals of relatively smalt sizes, for larger crystals it is toe
time cnu>umzngo For larger crystals there are only two alternatives.
Fi%st_ grow for fonger times, and secondly, o chcose an open system for
CVD growth. Looking at the growth raies, it was decided to go for cpen
system because it is alsp planned to study the effect of thermal gradient
on the 07U ratio and its relation to defes ¢t structure. This kind 6f
study demands larger size crysials bacause of experimenial Timitations and
aiso hﬁqh ourity crystals, so that impurities do not mask or complicate
the effect of temperaiure gradient, Mar&a#erg a flow system aliows
greater fiexibility for control on the deposition and censéque&tiy the
uniformity of the crystal,
F@r kinetic veasons it is decided to use temperatures as high
as possibie. We are building a Furnace which can operate up to 1800°C.
For in i.?ai runs ch%afine would be used as carrier gas and uranium metal

as a source material. The following reaction would be used:

U+ uwz—:ﬁ U{’

-

uranium metal weuld be placed in an injector tube at a temperature high

anough to render easy chloride-fawma&ian §UC£ in vapor pi ase) The
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chsorade is transported to the hot region, where a pre-established oxygen
part?a1'pressuwe would cause UOZ to deposvta The presence of a substrate
at this site would make nucleation easier and the subsequent deposition
wou%d take place on the substrate. The stoichiometry of the crystal can
be controlled by contrd!ﬁihg the oxygen partial preséure in the system,
i.es, by flowing HZ,O2 mixiqré or CQDCOZ.mixture, |

- With the bpen system we will study the growth sfluoz single
Acrysta?s as é function of tetal sysiem pvessuféb fiow rates of gaseous
species, and temperature, An optimum growth condition would be found
expéwimentaiiy and thermadynamical?ya (nce good quality crystals are
available, we will study the‘effect of température gradients on chemical’
behavior and the dynamic dislecation behavior in U02 single crystais.
2.2 Growth and Properties of CVD Grown Single Crystéis of Mg0 and MqO»AﬁéQs

Solid Selutions e : el

(Professor W. U, Kingery, Professor H, K. Bowen; J. R. Bosth) /0»¢5//

 The. purpose of this ?esearch'ﬁs“to qrow targe, high purity 4Qri%377\)
single crystals of Mgl and then tc Qrow crysta%% of Mgl dapad with Ai 93 )
in solid sclution. The initial stage of the research involvad surveying
the thermodynaﬁics of the possible reactions that would yieid the desired
crystais. It was desirous to have a reacﬁ%pﬁ that had a free energy large -
enough to provide & nosat?ve driving force, vet not so large that it wauid
be uncuntroliapieo Based en these restrictions, the following reactions
were chosen: |

HOO(s) + Chy(n) + CO(g) = MaCh,(g) + CO,(g)

L85 (3600°C = « 30,5 kecal/mole]
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_ Th%s was the basic reaction which formed the metal Lhasr de, The largé free
enerqy of formation 3nsures aimast ccmﬁsetc L:zcaunab?ano.

In the r@actaon caamharvthe reaction was rﬁversed

MoCt,(g) + €0, (g) + uzé‘g}z:%ée Hgo(s) + 2iCH{g) + cO(g)
EAGO{3669°C) = O¢45 keal/mole]

Thus, by the addﬁﬁiéw of a sihg?e é?émeht the oxide was %ﬁrmedo By éfuper
saturation and gas Veioéit§ the @ﬁide formed as an epitaxial layer on
substrates which weré located wsﬁnﬂn the weart%3n cnamb“s;

The furhace was construated.w%th tﬁo cancené?ic tubééo The
inner tube waé the injector which contains petlets of Mg, This %ubé £nds
in the center of the furnace. Thé outer tube was the reaction charbet
‘which contains the su&straﬁeso C??ﬁand £0 fiow through tha injector and
réact with ihe Mg0 forming 1igCt 02 which th@m Eeave the injector,
?Yowing around the outside of th& injector 15 a mixture of z “ﬂd argon,
The argon was used fam velocity aajuszmen? argund a,d from the injector
to avo%djturbuaenceo

The gas velecity was timited by three factors. T;e velocity
must be laminar because turbuleént flow causes nucleation in the gas phaser
and povder formation, Sec@ndly, the ve?océty must be great endugh to
prevent back difquion of 02 i the injector. -gas stream, Back_diffus%@n
vesults in formation of crystals on the injecta? nozzla. As theése crystals
qrow they.have a macroscopic effect on the gas flow pattern creating
regions of tuvbu?ence? Thif&@y5 the veinéiéy mist not be so high that the
gas goes through the reactien.zene before it can react.

al

oy

Crystals of Mgl have been grown and are being analyzed. Init

observations indicate a very low dislocation demsity. Chemical anal ysis,



Berg-Barreti, Lang X-ray techniques and the elecirical and optical
measurements witl all be conducted., These properties will be compared

to existing "highdpurity” commercial crystais.

2.3 Growth of Single Crystals.of Zr0,-Y,0., Solid Seiutions by Chemical
. A LS \

Vabor Deposition in a Dynamic System

(Professor uo‘n; Kingew, Professor H. K. Bowen; L. P, Ferrao (supported
partialiy by Fundacao de Amparoc a Pesquisa do Estade de Sac Pauic))

5&9'?0 the failure fn ébtaining single crystals Gf Z?OZaYZ'g
solid solutions by Chémﬁca!’vapsw deposition in a closed_syStewm, activéty
was shifted to the development 0? a quéﬁig_ifffff\to accomplish the same
purpose, -

The system, as 1t is set up now, uses the feact%pn between a.
gaseous mixture of zivconium tetrachloride and yttrium chioride and carbon
dioxide, under reduced pressure., The mixture of chiorides is-genewaied
inside the furnace b? the reaction of chiorine gas with a yttriumazirconiﬁm
alloy of known campasitiéng-obtaﬁnad by arc maiting. Provided that this
reaction takes place at a témperature nigh enough 30 thaﬁ the vapor pressure
of the resultant chlorides is Targer than the system pressure, the Y/Zr
ratio in the gas éhase is the samé a3 in the fubinace.

Enitia]?yo in drde? to @ewmit areater flexibility in changing
the ratio of ytirium and zivrconium %mtroéﬁcéd in the furnace, generation of
each chioride was made independentiy: zirconium chieride being generated
externa??y by the reaction between zirconium metal and chlorine at 450°C
{using argon as a carrier gas) and yttriumdchiéride being generated
internally by a similar veaction at 1200°C. However, due to experimental

difficulties, namely, clogging of the heated Tine conmecting the ZWC?4

generator to the furnace (this line was necessary because ZrC?Q is a
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so?id at réom tamperatﬁ%e) and ﬂxﬁdétiﬁw of Y metal inside the furnace

due so smali ieaks ef onyqu this expeadreatué approach Had £0 be abandoned;
The =)xperiments a?so painted oui tha hé*@ssziy cv a caveful

design of the ejectors through which the gases awe introduced in the

furnace in order to avoid premelure reactions and the possibitit ty of

elogging the various ejectewso

. At this mamen‘c9 it s possiblse to qrﬂw pozycyys #11ine deposits
~— e
of Lrozmvzag solid solutions of controlliad compositions under easily con-

trelied ang wepraduc%bie conditions, Atggmﬁts are being made ?agﬂyov ainqie
crysta?s epitaxially on AWGAmVZG single crystal subsirdtes and at this
point some_of the exper%ments have baen successful. Thé growth rate
. . ~S— ———

attained was 15-25 micrens per hour, It is our aim at this moment o

establish better conditions for thP growth of single crysials improving
both -the quality and growth rate.

‘Parallel %o the experivents dascr%bed above, studies w&ﬁé

undertaken to tﬁeare@icé??y understand the thermodynamics and kinetics

™—.
of the deposition process. In pay cu?arg a cemﬁutEv program was generated

to determine the equs33bwudm conditions of the following reaction:
ZrCl,y + 200, = Zr0, + 4CT + 205 ,

Th?s is me%weved to be a good w@s*c entation for the deposition process
@f ZWO29 although avpvonzmaue beuause many other gaseous species can
appear with lesser paﬂixa% pressures, The development of a similar program
for the dep051uwan of Yqﬁg is under way., Also a wore detailed study of the
thermodynamics of the depusitﬁ@n pr@aess is being made, |
The resuits obt 1ﬂed from these studies up {0 this point
enable us to evatuate the effects of the system pressure a rd ?he flow

rates of the various gases on the superss uratvow of the qas phase in
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raspect to depositing solids, therefore generating precious information

on what must be dovie to improve the précess.

2.4 The Polycryéialline Growth of ¥,0.-7rl, Solid Seiutions by Chemical

Transgbrt'

.{Préfessér\w, D. Kingery; €. C. Seéton}

The objective of this investigation was to establish conditions

for the arowth and contrel of vapor transported yttria-zivconia solid
solutions. For deposition, the foliowing reactions took piace at 140C°C:

ZeCly + 20,0 = Z

¥
~
<3
j=]
NG
&
2
3
anall

24CT, + 3H)0 = V,04 + 6HCY

Zirconia can be deposited ai a rate dependent upon the rate of
gas Tlow. Thé ﬁate of ytiria depesition was limited by the method of
-chioride generation which prevented the co-deposition of ytiria and zir-
conia, due to the large dfffgrenca in deposition ratas of beth. Hence,
the critical step in this research vias the gene$at§6n of yttrium chioride.

Procedures and equipment were developed for chemical transport.
In order to achieve the above objective, further modifications are necese
sary (ﬁ) to find a methad of yitrium chloride formation, the rate of which
may be controlled by gas flows, and (2) io preveﬁt the steﬁpage of flow
by oxide depusition on the ejectoy tube,

2.5 Chemical Vapor Depositicn of ZnS on GaP

{Professor H. K. Bowesn)
The deposition of ZnS on GaP has been studied in closed systems
and in flowing systems, Previously, the results were reported for the

" flowing system involving the veaction:

1,
~In S{s) + 2HCI{g) = ZWCEZQQ) + H?S{g)
T ~
2

Typical growth on 110 or 100 surfaCQS»resuﬂteﬁ in rates of Qn25 = Tu/hr.
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o

Excess HC1 ?éd to eiching and péﬁtiyg Sf the substrates and therefore
nonpianar junction$ unless growih was restricted to low temperatures and
Tow HC1 concentrations. '

To a??evié te these prnbzent a secend reaction is bé%ﬂg stadiedg

In{g) + H?Sig) nS{s}) « i

The zine 1% 1nxm@ducézférie' i

'stem by pas

i

“2inc at 820°C. The chemical polential of the sulfur in the gas phase that

reacts with the Zn te form InS 9s controiled by the ratio of HZS/PE°
Excellent epitaxial growth was. achieved by & ratio 2 cof/min H,S te 150 cec/min
4\_/-\___\\,,__%\ . s A

H25 A 3p thick crvstal was grown In 90 minutes on a 100 GaP substrate,
& '. ) . //q—’ A . »
Experiments are continuing with the introducticn of a dopant, A1,
R s , .
and with depesition 0c¢arrﬁﬂg'ch‘??& planes,
cal

11y
w

Vapor Deposition
{Professor R. L. Cobiei R. L. Gentilman®)

Thin, epitaxial, single crystal films of 3F85072 onn nonmagnetic
substrates havc many gogewu?aﬁ magnetic device ﬁpp?i tions, The fiims
are grawn by chemical vap@r depﬁsitian in a flowing system at 1200°C

and 2 torr by the reaction:

BYC?3 + HFeCl, + 12H,0 = ¥ 039 27 HCY

3 2 3¢5
gas gas gas . corystal aas
To date, some Single crystal ?i%ms have been'p?cducedé Thé present
e~ s T
reseairch effort involves optimizing the Cﬁjwﬁdh growth parameters in @vN&~
terms of crystal perfection, The growih of doped and gradient-doped \K:CJZAK%Z\/

films is planned ¥or the vatu*ea

*Not supported by this contract,
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2.7  Chefrical Vapor Transpert and. Phase Studies in Cc;ﬁij;vﬁl

Y

(Professor H. K. Bowen, Professor W. D. King rywv Kinoshita) | et

* 2

?reparat;an of solid

2]
.Q-V.

solutions Of Cd%ﬂ?? 0 by chémical 79 !
”A

K

vapor depésition has been carried out well beldW the melting emperaturess 7 ’

N

EXceﬁient control of hémogeneity, stoichiometry and pg%fection Was
realizable when tfanspbrt was i a closed systénm [(evacuated gquartz
ampoulies) and with HCY as the ?eaciﬁﬁé trahspért das. The deposition

at 500°¢ vielded rat ﬂs of 5~u6 wq/hm »GﬂﬁOS?u%Gn contral was maint ained

through the activity ef the w%actenq ruwcnr caﬂst?uueqbs as qvvea byi

800°C
.

Co iy .0 + 2HCT S Coll, + (1 ~xJNiCT, + H,0
860°C '

A nearly linear re%ationShib'exists betwaeen the composition of the
powder seurce and the single crystal deposit {some deviation in the data |

in the region Co _aglt 0650);

C%ysta? qua @ y has heen eavw%ed out by optical microscepy;
Xeray and electron diffraction and transm%sséen electron microscopy.
Samples Q@re thinned for TEM by ion bcmharémﬁﬂt thinning, Only isolated
dislocations and no inclusions or voids were gbservabie.

ﬁnnea?énq smuds@s be@ow 800°¢ hav&estab?QSued the QXusfence of a

miscibiiity gap in the Col-Ni0 system, Sma?@ singie crysta?s were anneaied
in centroiled oxygen atmosﬁheres (EOZ/CO) in owdér to nrevent the formation
of metal or of spiné?o Transmission e uectwen mic Croscopy revealed a cubic
second aﬁase within the matrix with particle sizes from Zﬁﬁmsdﬁgo The gap

is assymetrical and shifted to the cobalt rich side of the phase diagram.
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218 ‘CoDoping fn Uitra-High Purity Materials '
{Professor R. L. Cobie; W. M. Smith)
Co-doping 15 the process of intentionalily adding more than )

one impurity to a cnven material. Of particular intereqt are the‘effects
of (cg-doping to maintain nominal electricel neutrality and avoid forming
Eattice deféctsol An exampie would be to add equal molar amounts af cation
impurities w*ih vaience, stat&s‘éne and thres re Qeqtiveiy to & mate uai
with a normai ation valence :%aﬁe of two. Presently, studies of the

e

of dopanis ave 1imited by the purity

(ﬂ'

i &
Ti

mh

effects of adding small quantitie

of the initial material. VYt is felt that studies made on materials of

Ky E o]

higher purity than is curvently available would yield move significant
ittt S O -
results t\an can now be obtained. Therefore, an gfov Es being made to
obtain materﬂa? of significantly higher purity than thesanaw avatlable
on which to make studies,

At present a system is being designed utiiizing an optically heated

vertical Flcating zons to obtain desired purity. A vertical floating zone

o

system was selecied hecaus& it offers the dvar*aqes of crucibleless

melting and atmospﬁeﬁic geniwcio Crucibieless melting removes Yimits on
the maximum temperabure and giemana*”s coﬂ?amana fen, beth due'te crucible
material limitations., With atmospheric control selented impurities can
be removed and vecontamination prevented, Optical heating is iimited only
by the optical energy avaiiable and by the transmission spectrum of the
sample beaing purified. The present design ca%?s for Xenon-arc lamps as
the source of optical energy. However provisions are baing made for
conversion Lo a laser seources

Tentatively fiuvrine Ca?zs has been salected as the material
on which initial studies will be made. r!u@remc was chosen Yor early co-

doping studies primarily because its structure is boih relatively simple
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and ?epreéentative (thoria and urania having fluorite siructure)., While
the opticai coupling of f@uﬂ?iia ﬁs not good, it is feit ihat adeguate

" power is availabie for pu?ﬁficationo Af%er aurificatéan the f@uovité}yi}jk
be COadoped with. Qanq?e and trivalent cation *mpuvmt é and thé effects

on propertfes noﬁedc _

‘ In the future, the pur%f.LAﬁaan of many nai ar nazerza3s 1o levels
of uairaonxgh purity by a vertical floating zone system is contempliated.
Var?ous dopeng and co=dobing experxmenas are planned. The studies made
will not necessarily be very different from present studies, Howeversﬁdue
ta the improvéd purity of the new matevial, the future studiss should be

substantially move significant. ' N

-
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3.1 Elecirical Behavior of Amornhous Silicon as Revealéd by Yunneling /4}Q£L'/0’

and Related Experivents

{Professer H; D. Kinsery; J. Sauvage) :

-+

Tunneling into amorphous silicon through an oxide barvier was

T

investigated at teMBE?fts?eé batuzen Tiquid s 3%?&@&% tcmgara;urc and roon

remperature, Tunneling was shown t6 be the preponderant conduction mechanism

o

for the tunneling junctions used.

2

The tunneli nq ?énuuigﬂﬁ were sanduich configurations with a

platinum bottom elacirode, a layer of amorphous siticon, a siiicon dioxide

= -

barrier and a {5 atinum top elsc t’nd° Thay were évapﬂwaﬁed and measured
in a single vacuum cycle. Simultanecusly a layer of amorphous silicon was
deposited on coplanar contacts s¢ as te corveloie the ﬁaﬂweiingraﬁd conduct-
iﬁity data.

Tunneling c@ndacﬁaﬁcé.was found to be ltemperalure independent
for tunneling into states of the semiconductor higher than ihe mobility
edgéso Tunné}éng into localized states of the semiconductor was found o
depend @xp@aen%ﬁaiﬁy on the thivd power of the inverse temperature., A

T localizaiion of states within the mobility

-:JA
=
=
=
]
=
[
o
o
el
o
2
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=
o
La'd
ed5
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gap was deve?oped to account for the observed temperature dependence,
Using this model a demsity of states, at the Ferni level, of %GZGIQV/cm
was extractad from the ?Lnns?an ala, S

The m@bii%ty gep was fﬁuﬁd s bhe 0.8 ef, squal to the activatioh

~ energy for @E@Cﬁﬂ“’a% conduction at hich tempevatures., For Yov temperatures

2 £,

the conduction mechanism in ameyphous silicon could be interpreted according

L‘b
[

io the ﬁﬂnﬁ%ﬂﬁ model of Hott and the calculations of Halperin and others

e

ST v , : Lo . .
i /8 dependence ). The goud agresment between the mobility gap, arrived
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at freﬁ the ﬁ&nnaiﬁﬁé mea%&wemeﬁts and the activation enéray ?&F h@ndHCw
tion in:amarphea: 81 35' con at t:ﬂppra*a 3 greater tﬁaﬁ ;L,ut a09°h BELUrS
by thermal activation of carriers from valence bandelike extended states
to conduction band Tike GZEQJ&E@ siates., |

3.2 Effects uf.?hermaiwﬁeut?%m Yrpadiation on Amornhous-$il %ﬁah Film

(Professcr H, K. Boweny L. P. C. Ferrao, D. D. Marchant, R. N. Singh,

Ko Uematsu)

evaporated onto fused silica substrates at 10 ° Torr. Samples were then

vacuum encapsﬂ?atad in quariz ampouled and annealed at 300°C for 30 hours,

3

They were subsequently sut blected to integrated themmal-neutron fsuxes up {0

18

. L, 2 e . mh g :
8.3 x 10 nlﬂm o Characterization of Fiims before and afier i ﬂfsata

was accomplished 3; electrical resistivity, 0pgicac abaﬁwwzﬁa., electron.

microscopy and EPR measurements,

The results indicate that care Fue?y annealed sampies of amorphous

~

8% 31c0n are exﬁr@meﬁv resistant to thewmal-neutron irradiation., As opposad

to the vesistivity chan0°% of several orders of magnitude obtained when

crystalline s§licon. z

, o

i??dd?ﬁﬁ“d ov similar variations induced in amorphous

silicon upon ann#a¥%rg 'an%v‘a factor of 4 decrease in wesa@t@V?xy CCCUrs

i9

in amorphous silicon afve“ & thermai-neutiron ¥lux of near 10 njc: o Ihe

optical absorpiion gqap s esseﬁaea.iy uichangad by frradiations Ho struce-

o

éu?aﬁﬁchanges as @bséwved-byft ransmission electron microscepy or electron
diffraction were apparent. zhe resistivity and EER {25%.ingﬁe§se-%n free
spins) vesulis are consfétewt y,té the prad@miﬂamte af hopping conduction

in the vicinity of the Fermi energy. The imporiande of these result

related to the eventual use of semiconductors n envivenments with éxtreme
i?radiaténn; for example, in auclear rescior situations or solar cells which

would have continued exposuve from the Van Aller belt. Uhere crystalline

g

f- <l

@;‘?\

. (53 . - o
Thin Films (27008) of aworphous siiicon were electron-beam %:éf;%%;;;)



32,

511 i*aw uedad have Va??ub§ v ¥®3£?L és ‘ua ﬁe QEPOQu?En properiy 4nnaaﬁ@d
am@rnhads silticon wau*d Have no cnanq“so '

Some szudses are continuing ic as:ab?ush the effects d% substrate
temperature during deposition on the intrinsic opticaﬁ and’e%éct?icaﬁ
pfopéréﬁes§ These results will ‘be correlated with the past vesults from
this iabor&fsrv of the dapendéhée of the opticdl and elactrical gr@pert?gs*
on annealing of silicon which was deposited at.réom temﬁeraﬁ&reo

3.3 Electric C@nductxon Mechanism in Alumina

(Prdféq or Rc Le Cebies Ke K»uaZawa} 4

The mechanism Qf eieutw%c conduction in alumina is not establésﬁed,
yet in Spiterf past extensive afforts because 0? uncertainties {atroduced /i /1)11
by the presence of the éxterﬁaﬁ circuits on the séwp?e surface or'in the u

gas pvdseg or by the cnmpﬂenuty of the edectr@nir compensation method to

eliminate the contrvbutvﬁnd from the external cireults, An attempt was
made to thsrough?y etiminate the above uncertainties by the use of specially
shaped samples, The exiernai paihs were blecked by the sample wall itself
and hencn ng complex electrical circuits were vntwoducnd
The EMF of the eldctroci fmtcai exyﬂen concentration cell and
the conductivity measurement were carried out with the following results:

{1) . Both single and polycrystal atumina shows fenic conduction

N

at low temperatures and become elzcironic conductive ai high t@mpevatureso
(?) The transvtvon tumparaguvﬂ was around 1400-1500°C for the
single crystal and 60G080@°C for the MaO-doped poiycrystal (LUCALOX} in air,

(—”—_\ l
(3} The transition t"mpema”wre increases sionificantly with

decreasing partial pressure of oxygen in the atmasphereo
{4} The effect of this oxygen pressure takes place through the
increase in the electronic contributicn to the total conductivity, while

the lonic centribution §s essentially independent of the atmosphere.
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5) At

o

constant iemberaiureg when the partial pressure ef

oxygen Was decreased from one atmosphare, the total conouctsvzqy sns*iaﬁij

o

decréased until the pressuve res sched %G "I % 10 atmosphera, But it

e

remained constant below this présstre ranse and hence did hot show any

conductivity minimun es reporied eartier.

{6) Background CaﬂGUC iy i%y me a;e ents $ showed that the apparent

)

ccnduﬁtiv@ﬁy increase at the lower oxyoen pwe*svrw P@”@Tﬁnﬂ gariier with

ﬁ?

uiiguairded savpse should be attributed te the ﬁncwEdsed qas phase conduciion
in thé strongly reducing %mésphéreo

As a-cencias§6ﬁg the present study has eliiminated the uncer-
%&%aties aSSﬁéﬁatéﬁ with the smeasuremsnt methsds to determine whether

-

aiumina is an ienic or efectranic conducter. Genereliy, we car congiude

that @ gména is an-etestroni "end¢c) ¥ at high te.pawatu?es or at high

oxygen pressuves and is oltherwiw '
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tion is impurity d@b@&dtnb may be hlamed

3.4 Stahillzed Zirconia as an Oxygen Permmation Measwrement Detector

1

{(Professor R, L. Cobles K. Kitazawa)

Cdicia-stabilized zirconia {£5Z) is now a well established

exygen fon conductor and can be usad as an srygen partial pressure detector
2 -’25 ”‘30 | . 4 o [ B IR+ . o oA .

as iaw as 10 Y ?Q atmospheres. . he agpplication of CSI to oxyaen

permeability of vavricus okides, therefore provides us with a h?j 1y
sensitive, continuous and easy mathod of néasuwemunt. In ovder to make
‘this appiication possible, the non-steady state beshavior of 057 after
changing oxvcen pariial pressuve musi be fully undersiocd.

in ﬁ%g‘presenﬁ study 2 £57 tubing was used bgtﬁ as the detector
and as the sample through which the oxygen permeation rate was measuved.
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The change of oxygen partial press SUre Tn bb Lgbiﬁg'was mond tored by

measuring the ENMF on the porous nga?éaum electrodes coated on Eé%h sides
< " =

of thé CSZ electrolyte. ?Efijiiliﬁiﬁyi\ffffjff_ﬁffe obtained: 1) The

oxygen préassure in the tubing %ncwea es fuch siﬁwh than expecied Qhen

the oxygen partial pressure is Tow in thé tubing, which {s probably due

to the nonstoichiometry of CSI electrolyté. Therefore, the apparent pare

meabiiity undeyr this condition is extremely smail, 2} VWhen the pressure.

i Y . . uﬂ"!ﬂ . '5?-
n the system is wmore than 107" °° ~ 10 3.5

atmosphere, the observed
perreannﬁltf agreas fairly we?? tc ?hﬁ other available data.taken unaer
steady state conditions W?zh a a2f€erenh_meth0do 3) Using this pressuwe

range the oxygen pervean%?itj was weasured at d?ffnwent tewveraiuwes~ the
3

" the @ewmeabii%ty was 10° o

measurement was extended down to 640°C Wi

\

gfoemfsee {two ord@vq of magnitude Jower than the detection iimit of the
*i"m‘me;{'‘me-asm’*em&n’c}.c 4} The mechanism of #e?meatian in this ?egi@n £an
be well explained by'the armbipolar transport theory with elsctron holes
& the watemdeterﬁining species. 5} The mobiiity and the enncent?aﬁion
of the holes were calculated by the transient measurement, The mechanism
of the hole conducts ion in CS7 was discussed; the resulis are ceesistenﬁ
with holes being activated from deep atceptor Eeveisg or acceptor level
impurity band conduction. 8) Ths ?acteijEimitﬁng the detection Timit
of the CSZ oxygen permeabiiity det er&o is the nonstoichio ometry of 32,
the accuracy of the temperature control and the permeaticn through the
CSZ detector itself, Considering those factors, CSZ can be appiied to

. . . . N ’ . o e " w38
measure oxygen permeabiiity with the detection Yimit G i3 a 10 [

g/om/sec,
The oxygen permeability measurement of alumina watn this meth@d

is in progress.
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4.0 Crystal Structure ahd Properties

4,1 Nonstolchiometric Oxides with the F?aorzte tructuyre TVpes

(Professor B. J. Huenschy H. T. Anderson)

Many okﬁdes of the type MO, (where M is U, Th or a rare earthj
display appreciable ranges of ste%chicmetwy when 02 deficient. The defects
involved appear to be vacancies in the oXygen array. There is direct
eﬁidence, as well as indirect evidence inferred from the properties of

such maaerwa?so that the vacancies may orcer, in this study the nature

\______a.

of such ordering and the relaxation of the stvwrture about 2 vacanCJ are
to be determined through X-ray measursments.

The oxygen mebi?ﬁty in some of tﬁése nonstoichiometric oxides
such as CeO2 {g\gifgéﬁg?§—;5§§a,'gven aé room temperature., Ye thevefore
éttempted to create vacancies 6y the addition of a trivalent ion, and thereby
avoid potential prab%ems invoivihg compositional changss or gradients in
spec?mbns during study A series of SQeéimens ranging in compesition

95 to Ce0 1Yo, g 1.55 have been prppared by baii-miiling

and preSSﬁng ‘mixtures of the cnmp@neni oxides. . The sampies were equai%bwated

for periods up to one year atl 800°C. No evidence of vacancy ordering was -

found. Wide ranges of selid solubility were observed, and a two-phase
region (fiuorﬁxe and rare earth typ@ C) exists between Ceg 6 0 4 3 8 and

\4 In the singie»phase region the latlice constants decrease

Ceg, 3%0,7%, 65°
as the structure changed frcm a disordered defact fluorite solid solution
Cat low ¥ contents to a rareaearth type C structure., Similar i:m“'@at%cns~
of the fattice constants, but in systems with campieée solid selubility,
have been previocusty weportéd for samnles équ%?ibr&ted at 1200°C. Ue
conclude that either ne intermediate ordered phases occur in the system

at this temperature, or that the kinetics of crdering are sufficiently slow

so that the equ@%mbrﬁun structure is not attained.



We sre presently examining the nonstoichiometric phases for CeOZg-\.<°
» - - id - : —’_—-——:"
The sys tem had previocusly been studied with powder diffraction. Superstruct-
ures are difficult to define with such techniques, however, and we are
accordingly using single-crystal specimens. Specimens of 5202 are reduced
_ 4 ‘

in flowing hydrogen at a temperature selected to produce the desired
composition, and then annealed in a 1078 Torr vacuum. The rapid oxidation
rates require that the reduced sample.be encapsulated in a sealed tube
before removal Trom the vacuum.  Technigues For accompliishing this have
been perfected and the exist £ the two phases with the greatest devia-
tion frof stoichiometry (Ceﬁ‘gq,nB and 690]'78) has been confirmed with
powders, Also single crystal CeGZ was reduced %o Qee3 712 and the reciprocal
lattice of the phase has been obtained. This information is currently being
evaluated to produce the space greup of this hexagonal phase. Twinning
has consistently been observed %o oceur during the formation of CeUi 77°

4,2 Strain Centers .in Sapphive -

{Professor R. L. Cobles C. V. lari Rao)

The purpose of this study was to distinguish Lh contributions

made by disiocations, iﬁ?ﬂfﬁ?ﬁ?ﬁf and_defects to the total microstrain
present in crystals of sapphire. Methods employed wer24eray Vine breadth
nmésurements and etch-pitting of distocations.

Single crystals of alumina were grown by’the various well known
technfques namaiy Czcchraaski CVD, modified Bridgman and Varnuei? ATl
the samp?es were oriented for the {OOOI} and {1120} planes, cut, polished,
and annealed at 1950°C for 8 hours in a vacuum of 30“9 mm, of iHg. . Samples
viere cooled to room ;emperature siowly over a‘time pericd of 60 hours.

The samples were duenched from various temperatures fa the range of 1550°C
to 1950°C, after holding for various times.. During the annealing operations,
two different atmospheres were used, namely,air and nitrogen, so that the

defect concentrations can be contreiled. X-ray line breadth measurements



wére made of the {E } uv %eﬂi%&n¢o The %abrnbveac h was used 3 8
measdwé of thé total micrestrain. Dislocation etcﬁ«pé ting Was dccompiﬁshed
by using Phecphcvsc Acid at *23°C as the etchants This etches tie {0001}
faaeo

The éisiacatien deﬂﬁfty wag guite cmwﬁﬁaﬁig {t did ﬁ@% chéngé

livg

appreciably as a vesult of heat treatments. The Bal¥ breadths, howsver,

" showed stanificant variatiﬁﬁ5 However, it is hard to atiribute all the

4

st¢rain to dnfecms and fmpurities, and we sgspecﬁ that the measuved disloca-
tion deﬁSiﬁqes arn 3eu bee &u%n the sich-pit e hnaque is not vary sensitive
to detect smali changeﬁ in d?sioaation density. The picture ié'mare
cem???cated by the fééi that the impurities may exist in diffﬁrent valence
statesg thus chunaﬁnq the defect concentra ans, More axaeasive %eet?nq

is needad to ciawéfy the picture. /><;/WL}D/ZL“AJQ 4219f9v

£,3 Jeray sopaqrapﬁy of Oxides

(Pr@fes55? R, L. Coble, Professor H, K. B@ﬁen; Jd, L. Castavsky) (

A Beréyﬂar?ett camers for the characterization of single crystals
was set up and a?ééngdg The primary function of oia Rerg-Barretd meay
t@paé?aphié fac%?i%y was for the invesitigation of larqge evysiala\gl_lgg~

The direction of the' erger vectors in ol are <110 >, ilerice, to
satisfy the extin ction conditish, 9.b = 0, T must have the divections given”
by <hh0>, aVOﬂ a considaration of the reflecting power of pevmvssibﬁe
nlanes, the {220} planes are most suitable for ekamigett  #;J'B9wever9 the
cleavage planes arve {200} and the {220} pianéé are 45“ from the cleaved
surface.’ In ordar Lo obtaln suitable diffracting conditions from these
planes, ﬁs%hg cleaved samn?es:'FeKB or Crk va&diatiaﬁ must be usaqa

Several samples of cleaved Mgl were inye ii' eﬁ unﬂe the above

conditions and were characterized as follows.
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The misorientation of mosaic blocks are between 1° and 10° with

no preference to twist or tilt. The dislocation density is quite uniform

and can be estimated al approximaiely 1065 The dislocations are highly

decorated and can be characterized as being primarily tangles with a
slight tendency te develon a?ignménto
The Mg® crystals can alsc be characterized as possessing internal

—_—

stresses most probably vesulting from the temperature fluctuatiens during
crystal growth., These stvesses are easily rvelieved by anmealing at

600-650°C vesulting in the formation of slip bands parallsl to {220} planes.
The resutting slip bands are dominaling features in the annealed crysta?s
( \

when investigated by X-ray topography and etching techniques.

4.4 Dislocation Behavior in Pure and Doped (Fe) Single Crysials of MgO

{Professor R. L. Cobla; R. M. Singh)

It has been observed that the presence of iron (Fe) in MqC |
inareasés the’ﬂgzgﬂg§s~§gg;§yﬁi£§g§§§ sﬁgnif@cantﬁyb The level of increase
débends not only on the doping level but also on the state of jonization
and defect distribution creatéd depending on tie thermal history. Iron
in trivalent state gives much mofe hardening and strengthening effect than
ivon in the divalent state. fhis is related to the dislecation interactions
with the impurities which generate drég on them, chevéég-ﬁhe nature of
the drag producing species §§ln0t_yet known. The purpose of the preséni
investigation is to determ%né'éhe'draﬁ conﬁﬁoiiing mechanism for the

—— T
dynamic dislocation behavior in crystals with Fe in trivalent and divalent
states.

Experfmenés ave»{n'pwegreés to determihe the average disiocation

velocity of edge and screw disiocations as a function of stress, temperattre,
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doping level and the staﬁe 6? fonization, by an etch pitiing technique.
Fresh dislocation loops ave generated by am etch pitting technigue: Fresh
d%si@catioh'¥éaps are generated by indenting the cleaved and cheﬁ?caily
polishaed 100 surfaces. WhenAﬁtwessed in a [100] divection {four point

. bending)} these ioops expand and the new dislocation leop pesition can be

;

observed by re-eiching the sampie. Thus knowing the distance moved and

the time of stress puise one ¢an determine dislocation valocity:
The results obtained at two iméuvity levels 24 ppm and 185 ppm
Fe shows that the edQE'dﬁsiGcations move Taster than the screw dislocations,
therefore, it is screw disiocation velocity which is rate determining step
for the hardness and flow stvess of these nysta%én,AM@?aover,.the increase.
in the impurity Tevel decweases ihe disiocaiian velocity by more than an=
order of magnitude. The St?éﬁs'exgongnt of distecation ve!ﬁcity ’m*
(v = A ") seems 2o be i@mpé&aﬁur@ independent for 24 ppm Fe impurity for
edge dis?eé&ﬁiens bu%:siﬁght?ﬁ decreases with tempevature for screw disloca-
tions., However, at 185 ppm Fe fmpurity, stress expoment °m° is s%gnific&hﬁ?&-
higher than the 24 ppm Fé impurity level an& decreases significantly for
both edge and screw dislecations, A value for 'n’ of 2.8 for edge disloca-
tions in the crystal with Zﬁ'ppm Fe is the lTowest ever cbseived for rocke
salt structure materials. - The above behaviér suggests different types of
drag controlling mechanisms egewative,at Tow and high purity Tevels, The
analysis of the data would hopefully e%&cﬁdate the drag controel?ing mechanism.
Similar analysis would be dena on crystals with Fe in divalent state and
this would elucidate the drag-contro}ling mechanism for solidesolution
hardening.

_ In order to better understand the observation that some of the

screw dislocations move faster then the edges in Cano it is suggested

that this may be related to dislocation siructure near an indentedimm @é



40.

To clarify this pount dislocation structure undc* an dﬁ?ﬁﬁ&le‘ W?f% wx‘?iﬁég
ﬁnvestvgabpd using X-ray ccpaqrdphy and eiectran niCrescony fer samp% es in
o staqesD io o, 5 asdenced uﬂd zndenzed and stressed For CaF2 and MgG
This would also estab%*sh the naiure of dislocaticn loops and their Burgers
vector wouid-be det@"mined unambigucusiy.

4.5 Grain Boundary Sliding in Oxide (zramics

{Professor R. L. Cobles R, V; Cannon)

In oxide ceramics, graﬁh boundary stidirg i¢ known to play an
imﬁoftant ro%é in the high temperature deformationg and 2iso the high
tempéféture fracture. :The few studies reporied-t _date on sliding of
oxide, or other cerémié bicrystals indicate that yield effects, and other
non-Hewtonian behavior are commdn, and further, that strong orientation
and impurity dépendenties exist. As a result of the lack of understanding
about the s}iding mechanisms, the proper role of grain boundary s?idiﬁg
in polycrystalline deformation mechanisms is difficult to assess ov treat

néiyﬁicai]yo The\sgiffﬁfﬂfjew is that s1iding, per se, is not the rate
Timiting step in those cases where the creep data show good agreement with

the diffusional creep models. However, it 15 considered Yikely that the

non-Hevitonian behav%a?géégékfﬁf.§ uttra=fine grained oxidés is related
t6 non-Hewtonian aspects of boundary siiding; this view is supported by
increésing?y frequent observations of grain boundary di$10cations in
dgformed axideég However, for this type of behavior, no éxp?ﬁcit models
have been'developed to relate the boundary siiding and concurvent grain
shape change; this is due in part to the lﬁmitea understanding of'the
s?iding mechanisms, Consequentliy, greater understanding of the sliding
mechanisms and phénomeno?eg?ca? dependence of sliding on stress, strain,

strain-rate and temperature would con%@%@gFe to further understanding of

the. deformation of polycrystaliine oxides.
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Studies of siiding of bicrystafs of ck%des,//gktiauia iy A3203
andl%‘f?g(}9 are being undertaken to determine the dependeznce on mechanical
Qériabiesg bouadary misorientation, and temperature and to correlate these
résuitg'wiﬁh microsty uc;uras se;IJOz;i:(?n ordér to clarify the s??éing

S gares .
7.2

mechanisms.

Qbé Ontical and Electrical Properties of Single Crystal Fe 0=Mn0 So?i&/#UUL f:iliﬂﬁh

Solutions ﬁﬁ PO
{(Professor W. D. Kingery Professor H. K. Bowens €. A, Goodwin) b

Aﬂihoﬁgh they are similar in thelr crystal, maguetic and electronic
5trwc+uve . the fr@negraup transition metal exides exhib%ﬁ a wide range of
electrical and nptLLaE proper ties which has not as yet been explained by
one cossisLen heory or modei For example, wustite (Fevﬁ} seems to
conduct by a th&fm& Ty ac%sva ed hopping mechanism over mast of the tempera-
ture range and has a room»aemﬁuwatuwe csnductﬁviﬁy of about 50 ohm- “1 cmmxo
MnO, h@W@vere appears to Tit & semiconductor model with a conductivity as
=15 1

Tow as ﬁﬂ oh:fE am ! at 25°C.

RnathEF complicating facia? is that many ﬁreﬁieus axperimental
asults are suspect because the sampies were p@% crystalling, had.undetewmjned
nonstoichiometry due to improper gquenching, and had »o355ibly large amounts of
impu?ities which wouid cause tampensatioﬂ in intentionally doped samples,

In an attemot to elucidate the real properties of these materials,
single crystalline solid selutions in the Fevﬁnﬂnﬁ system héve been preparéd
in high purity form by the C?ﬂgﬁdm?JbL chemical vapor deposition uechniqueg
using Mg0 crystals as substraﬁes and ch as the iranspartvng gas. Also,
several compositions have been grown by the tri-avc Czochralsky technique..

The crystals cbiained by boih methods ara being used to study the variation

in electrical and optical properties of cath end member versus the amount of
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doping oxide and the change in lattice parameter, Visible, néar IR, and

far IR absovptﬁcn spectra, and IR veflectivity ave currently being measured

and interpréted for changes in absorption edge, crystal-Field peaks, structure

arising from nonstoichicmetry, and the restrahlen spectra. A?sb uy

reflectivity and conductivity measurements are bein@ initiated. This set

of measurements shou?d provide a critical test of existing theoretical

modeis.

4.7 Low Temperatura Conductivity and Refﬁect%v?tyio¢ CYD Wustite /22,L ‘%010 Q%
(Proféssor Ho Ko Bowen; B. H. Auker) _ /9 ff,

Chemically vapor depositgd single crys%ai wustite was characterized
by theiﬂsebﬂf optical, X-ray and electron microscopy. IR refiectivity and
Tow temperature conductivity measu?emehts wera then performed unon the samples.
Optical examination sh@wad the crystals to have subgrains of 1 mm .
size and an etch pit density of lﬁﬁicmo No inhomogeneities or indications
of d%spwap@rtéonment‘int@ magﬁeiiﬁe was observed under transmission election.
miércscope magnifications up to 43 L000x. Eieciron diffraction patterns
showed superﬁattice structyres corvesponding to 2.68 unit cells
Conductivity measureﬁents were made upon F@a°930 as determined by
Xeray analysis from room temperature to 57°K {i8 ohms™ <! to 4.0 x 107°
@hm“gucm“j) by the van der Pauw method with the use of a constant current
source and vo?tmetero Measurements were extended from 47°K to 21°K

1. qf\“?g “"}

(4.6 x 1070 onnlem™! o 3.2 x 10 Cﬂag) by use of a battery vo?tage'

obm

source and p%coammeter@ Above 126°K log canductﬁvity versus reciprocal
temperature was Yunear with an-activation enerqy of 0,063 oY, @éiéw 126°K

a transition oc&urred followed by linearity of Yoy conductivily versus

T"Wﬂr for six orders of magnitude to 25°K. From 25°K ts 2%°K, the curve
showed scime flattening, This behavior indicated a polaveon hopping mechanism

and possible dmpurity conduction.

\



€5.93
wave numbers. Ho reflectivity peaks were observed at snevgies higher than

iR %ef%éﬁtévity data was cbtained for Fe 0 from 4000 ﬁﬁ 200

Reststrahl spectrum. The Restsirahl spectrum showed & very broad peak
with nominal wavelength at 410 e, A secondary peak was at 200 eni !

3

. . - 3
and & sideband was observed at 575 cm '

7’
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IV. FUTURE PROGRAM '

ReSearch‘e??CVts will be continued in aveas of basic importance
for understanding, éontrpl?ingg and improving céramié products and p%acessesé
These -include: (1) kinetics of cewaﬁic processes and imi cros tructure develop~
ment, (2) ré!htionéhip of properties to crystal structure, -glass structure,
and mfcrost?yctuve; {3) structure and properties. of crystaliine and non-
cryst;?ifne solids, and (4) materials preparation and characterization. In
each of these areas we have made and expect to make sébstawtia? contributionéo
Studfes whichconstitute a major part of our activity which will be continuing
activities afe already deécribed in the previous section on the present
status.

During the iaét'year we have extended our activi%ies relative to
solid selutions and n@mstcichfcmetry and boundary phenomena in Gxideé also
related to fluorite structure systems of which UOZ is a ﬁaj@r example. The
program plans for the coming year will not have any app?eciéb?e effect on
" that emphasis; .

Budget limitations Qage it not feasible to continue substantial
effort related to films of nahchysiaiiine material; this work will be
decreased dufing the coming yeari Also, because of the reduction in number
of students we will éssentié??y only continue with the above described
continuing p?og%amse The'oniy iﬁérease in emphasis will be given to pre-

“paration of high purity crystals.

V.  CAPITAL EQUIPMENT
For carvyihg out current ané proposed research programs, it is
necessary to augment our capital equipment in the foliowing areas:
{2} Contvols, power supply, for high-purity materﬁais
preparation by melt growth
{b) Iridium crucib?es/susteptgr

(c) Dual injector CVD furnaces



VI, SCIENTIFIC PERSONNEL

1. Senior Staff

| Prdfessor Kingery and Professor Coble will continue as grinc5pa¥
investigators, In all césesD the research program is organized, piannad,
and carried out in close consultation with fhe principal invesiigator55
Professbr H. K. Bowen will continue working with some of the students with
whom he wovkéd during Professor Kingery’s absence, i.2., Professors - |
Nuenséh and Bowen will continue as during the past year,

A

2. Participating Scientific Personnel

{a) Professors

- Time Devoted to Research
941/72-5/3%/73 6/1/73-8/31/73

W. D. Kingery 50% 2 months at 100%
R Lo Coble - | 50% 2 montﬁs at 100%
B. J. Wuensch 25% 2 months at 50%
H. K. Bowen , '25% 2 m@ﬁihs at 50%.

{(b) Graduate Students and Research Staff

H,'T?’Ahdarson {(Teaving in August 1972)
B. H. Auker (left January 1972)
J. R. Booth (leaving July 1972)
Ro M.. Cannon

.Uo.Chawdry : . )
Lo Ferrao (leaving Sepiember 5972}

C. Goodwin {leaving January 19273)

T, Hidaka <
Ko So Kim (left June 1971) |

Ko Kinoshita {left September §971)

Dr. K, Kitezawa {leaving January 1973)



D, D. Marchant
T Jd. Heve
L. Radonjic (leaving January 1973)
C. V. H. Rao {left September 1971)
D. J. Reed
W Lo Robbins (left February 1972)
J. Sauvage {left Septémber 1971
R. N. Singh {Teaving Sé@tember 1972}
G. Het
Other students to be appointed from September 1972 3dmissions to

Braduate School.

3, Support by Other Federal fgencies Invelving the %ame Pevscnnel

{a} Professor Kingery - Hone,
{b} Professor Coble - 5% Air Force
“{c) Professor Rowen - 25% GFffice of (oal Research and Afr dece
(d) Professor Wuensch - 50% H.S.F. |
Technical ﬁverigp - Nehéc
Vi, FU?QR& PLANS FOR SUPPORT BY OTHER FEDERAL AGENCIES INVOLVING THE
SAME PERSONNEL : ,

e piéﬂ that ail directly identified ceramic research and the
entire research supéert 0% Professar Kingery continue o be provided by
this contract and that ne support »F sther agénéias Ee se??cﬁtéd for him.
Professor Coble receives & small amount uf.suppswt from the Air Force in

assistance to Professor Bowen's research,

2y A,
/“‘7ze/47 WW . §%/



49,

VIII. FINAHCIAL STATUS

(a) It is antacxaacud that all currently available runds will
be expended by August 31, 1972, |

N {b) Budget. This research has{éanﬁinued at essen%iaﬁ%y a

conééént dol?ér Tevel ferAtHe'iast few yearég The impact of iﬁ%ia*éon;
1ﬁC?eased graduate student stipends, and %1cr9ased overhead wates made it
umpevazive tc decrease the number of graduate siudents to be supponed°

At the present time we have three graduate studenis asseciated
with the research who have independent fﬂ?504snip or teaching aSSiSLantShﬁp

support. - We shall endeavor to increase that contribution.
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? PUBLICATIONS

| ' §a§ Theses .

i

. B. H. Auker, "Reflectivity and Low Temperature Conductivity of CVD HWustite,”
* ’ S.M. - Thesis, Department of Metallurgy and Materiais Science, M.I.T.,
' January 29?? '

(. S. Kim, "Cation SeifeDﬂ?§u53an in Zn0,” Sc.0. Thesis, Department of
. Metalim?gy and Materials Science, M.I.T., August s9?i

Ks Kitaz awa , “Electrical Properties and Defect Diffusion Study in Alumina
and Calcia-Stabilized Zircenia,” Sc.D. Thesis, Department of Matailurgy
..and Materials Science, M.1.T., January 1972,

Q////’Ja Sauvage, “Electrical Behavior of Amorphous Sificon as Revealed by

Tunneling and Related Experimehts,® Ph.D. Theszsn Department of
Meta]?uwgy and Materials Science, M.1.T., August 1971,

(b) Pape%s p@bliéhed cr‘prESQnted at technical neetings

A. Mocellin and W, D, Kengesy; ®Interpretation of Microstructure Changes
duwing the Heat-Treatment of “inﬁered Alumina,® submitted for publica-
tion, Jd. Amer. Ceram. Sﬂﬁo‘ o

A, Mocellin and W, D, Kingery, “Cvee? Deformation C@n&raiied by Boundary
Diffusion in ManSatufuied Large Grain Size A1,0.,7 Ji Amer, Cer@m,,
Soc., 54 (7}, 339 341 (1971) — 3 .

R, L, Coble and M. €. r?ewznqs, “On tﬂe Qewovmi of Pores from Castings
by Sintering.” Met, Transgg 2 809-415 {1971) .-

R. L. Coble and S. Prochaz! an.“On the Merphoiogical Stability of Two-Phase -
Structures,” J. Appt. Phys {in press)

\//?R, L. Coble and F. Yen, "On the Break -p of Tubn!ar Voids in Al 03 wysta?s9 —
submitted for pub?ithaun 4 ~

R L. Coble, 5. C. Samanta and F. C. A. Ven, “Kinetics for the Intermediate
: Stage Sintering of Silver,” Phys. Sintering {in press) ,

J. Sauvage and €. J, Mogab, "Electron Tunnei%nq into Amorphous % sicongw‘-
J. Honcryst. Solids {an press) '

J. Sauvage, C. J. Mogab and D. Adler, “Temperature-Dependent sunne]sng into
“Amorphous Silicon,” Phil. Mag. émn press )

Po R. Shaw-and D.- R. Uhlmann, “Effect of Phase Separation on the Pvnperfies
of Simple Glasses: II, Elastic Properties,” J. Noncryst. Solids, 5
237-263 (1971} ‘ ' :
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Mo Hakim and D. R, Utilmann, “Electrical Conductivity of Aakii Silicate
Glasses,” Phys. Chem. Glasses, 12 (5), 132-138 (1971)

R. Uhimann and R. M. Hakim, "Derivation of Distribution Functions from
. Relaxation Data,”J. Phys. Chem. Sotids, 32, 25522655 {1971)

3

J. Wuensch, “The Crystal Chemistry of Beryllium,” Chapter 4A in Handbook
of Geochemistry, Voi. 11/3, Springe%kVEFTagjfﬁéﬁ York {in press)

X

3, Tiernan and B. J. Wuensch, "Diffusion of T2 in Single-Crystal KCE,”
J. Chem, Phys. 55, 4996~-499% (1971)

. J. Tiernan, "Cdlculation of Grain-Boundary Diffusion Parameters and

Comparison with Expériment,” J. Appl. Phys. 42, 5596-5600 (1971)

J. Tiernan and.B.-Jd: Wuensch, "Grain Boundary Diffusion of Thallium
in ?atasgjfgfgg}ggideg? (submitted to J. Ams Ceram. Soc.j—

S. Kim and B. J. Wuenschp'"Catien-$e%?~diffu§ien ia Zinc Oxide, I,
Lattice Diffusion,” {submitted to J. Am. :Cefam, Soc.)

S. Kim and B. J. Wuenschy "Cation Sel¥-diffusion in Zinc Oxide. 1I.
Dislocation Pipe and Grain Boundary Diffusicn,” (submitted to J.
Am, Ceram. Soc.) : :

. Dangel and Bs Js Wuehshhe “Growth of Zinc Sulfide by fodine Transport,”

{submitted to J. Crystal Growth)

K. Bowen, Mo Ds Kingery, M. Kincshita, and C. A, Goodwin, BChemﬁéal‘ (?

Vapor Depositicn of Transition Metal Oxide Solid Solutiens,” J. of
Cryst. Growth {in press} —_— T —————

Adler, H. K. Bowen, L. P. C. Ferrao, D. D. Marchant and R. M. Singh,
*Effects of Thermal Heutron Irradiation ow Amorphous Silicon Films,®
J. Moncryst. Solids (In press) o

Kitazawa and R. LQ‘Cobieg'éxpﬁic and Electrenic Conduction in Single-
and Polycrystal Al,0..” présented at the 74th Anniual Meetlng of the
American Ceramic S6cTety, May 6-11, 1972, Washington, D. C. :

Ao G@odwﬂﬁ‘and H. K. Bowen, “Optical ?TOﬁEPﬁ?@S of Singie Cwysﬁa? Fe 0-MnD .

Solid Solutions,” presented at the 74th Annual Meeting of the Amerdcan”
Ceramic Scciety, May 6-11, {972, Yashingion, D. C.

R. Booth, H. K. Bowen, and W. D. Kingevry, “Growth and Properties of CVD
Grown Single Crystals of _Mg0,” Presented at the 74th Annual Meeting
of the American Ceramic Society, May 6-11, 1972, Yashington, D. C.

L. Coble, "Diffusion Modéls for Initial Sintering: Effect of Particle
Size DBistribution,” presented at the 74th Annual Meeting of the American-
Ceramic Society, May 6-11, 1972, Hashington, D. €.

Kitazawe and R. L. Cob%éo'“ﬁe?ect Diffusion Coefficient Measurement In
Polycrystal Al,0,,° presented at the 74th Annual Meeting of the American
Ceramic Socﬁetﬁo May 6-11, 1972, Hashington D. C.
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