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INTRODUCTION

Polycrystalline aluminum oxide-based ceramics are a very important family of
advanced structural ceramic materials.! 1In its pure, single-crystal form, however,
aluminum oxide is an anisotropic material, showing significant directional varia-
tion in properties, such as optical and thermal expansion. As & result, true
optical transparency of polycrystalline Al,03 is impossible, unless all the grains
are identically oriented. Further, significant strain can result at grain bound-
aries due to thermal expansion mismatch of misoriented grains.? An alternate ap-
proach to this inherent problem is the stabilization of a cubic Al,03 structure.

A defect cubic spinel, y-Al,03,3 can be prepared in powder form, but fully dense
cteramics have not been reported due to the ease of conversion to the more stable
alpha form at moderate temperatures (1000 C).">> However, it has been known for
some time® that nitrogen additions to Alp03 in the form of AIN can produce spinel-
like structures. Since that time various efforts have been made to understand the
phase equilibria in this system.”’~% The phase diagrams do not, however, indicate
the temperature limits of stability for the y-Al,03 type oxynitride material, nor
has single-phase material been successfully sintered. This report describes the
results of a program concerned with refining the temperature-composition stability
limits of cubic aluminum oxynitride spinel (ALON — nitrogen-stabilized cubic alu-
minum oxide) so that fully dense, single-phase ceramics could be sintered.

EXPERIMENTAL

Sintering and phase equilibria studies were carried out in an inductively
heated graphite furnace using flowing N, (1/2 liter per minute at about 1 atm).
The starting powders of y-AlpO3* (1.1 um at 50%) and AIN* (14 um at 50%) were ball-
milled for 24 hours in alumina mills with alumina balls using an ethanol fluid
media, isostatically pressed at 25,000 psi, and pre-reacted at 1200 C for 24 hours

*Cerac/Pure Inc., Rutler, Wisconsin

1. BARATA, J., u'nd GORNL, J. Improvements in Mechanical and Electrical Properties of Alumina. Powder Metallurgy International,
v. 4, 1972, no. 3, p. 124-128 and no. 4, p. 201-203.
CAMPBELL, W. J., and GRAIN, C. Thermal Expansion of Alpha Alumina. Bureau of Mines Report of Investigation No, §757,
1961, 16 pages.
. WEFERS, K., and BELL, G. M. Ovides and Hyvdroxides of Aluminum, Technical Paper No. 19, Alcoa Research Laboratories,
1972, 51 pages.
4. JELLINEK, M. H,, and FANKUCHEN, L. \“Ray Diffraction Examination of Gamma Alumina. Ind. and Eng. Chem., v. 37, no. 2,
1945, p. 158-163.
5. STEINER, C. J. P, HASSELMAN, D. P. H., and SPRIGGS, R. Il. Kinetics of the Gamma-to-Alpha Alumina Phase Transformation.
J. Am. Ceram. Soc., v. 54, no. 8§, 1971, p. 412413,
6. ADAMS, I, AU COIN, T. R,, and WOLFF, G. A. Luminescence in the System Al>O3-AIN. ], Electrochem. Soc., v. 109, 1962,
p. 1050-1054.
1. LEJUS, A. Formation at High Temperature of Nonstoichiometric Spinels and of Derived Phases in Several Oxide Svstems Based on
Alumina and in the System Alumina-Aluminum Nitride, Rev. Int. Hautes Temp. Refract,, v. 1, no. 1, 1964, p. 53-985.
8. IRENE, E. A, SILVESTRI, V. J,, and WOOLHOUSE, G. R. Some Properties of Chemically Vapor Deposited Films of AlyO\N-
on Siticon. ). Electron, Mat., v. 4, 1975, p. 409427, ’
9. GAUCKLER, L. J,, and PETZOW, G. Representation of Multicomponent Silicon Nitride Based Svstems. Nitrogen Ceraniics,
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in gas tight flowing N2, prior to final sintering studics. Only small amounts of
impurities were picked up in the ball-milling procedure. However, more sophisti-
cated sintering studies would require an improved mixing procedure.

Final recaction and sintering runs at clevated temperatures were carried out
for one hour so that direct comparison between runs could be made. Weight loss
was determined for each specimen and ecach was characterized by X-ray diffraction
and reflected light microscopy. Density mcasurements and transmitted light micros-
copy were also carried out on selected products. Our fundamental premise is that
we are attempting to deduce the high temperature equilibrium relations and sinter-
ing mechanisms from the resultant products. Without the use of sophisticated
apparatus, volatility is extremcly difficult to suppress, so quantitative measure-
ments of weight loss will yield useful information on vapor phase formation. The
reaction samples were contained in a covered BN crucible with a sight hole for
pyrometric tempcrature measurement. Neutron activation analysis of the AIN indi-
cated 1.7 wt% (v1.5 mole © Al,03) oxvgen. The AIN powder also contained about 1
to 2 wt% of unnitrided Al metal powder.

RESULTS AND DISCUSSION

Figure 1 illustrates the temperature-composition stability limits for cubic
aluminum oxynitride spinel (ALON) in the Alz0:-AIN system for 1 atm of flowing No
gas. The phase relationships were deduced from carcful analyses of both micro-
structural and X-ray diffraction data. The Al;03-AIN system is a pscudobinary
composition join in the A1-N-O system. Hence, the phase rule allows for phase
ficlds with up to threc coexisting phases. ‘The designations 12H, 21R, and 27R
refer to the so-called "AIN" polytvpes.!® 1In this system there seems to be an
intimate rclationship between liquid formation and the appearance of the various
polytypes. Further, the morphology of the polytvpes are variable and secem to
reflect the difficulty in attainment of equilibrium. 1t is our conclusion from
this work in the vicinity of the ALON stability field and also other parts of this
system that some of the polytypes arc metastable products of quenched or peorly
quenched liquids. We have not yet determined how to differentiate between ALIN
polytypes which are metastable from those which are not. Hence, in Figurc 1 we
have '"dashed in™ all the phase boundaries dealing with polytypes and in some cases
have not differentiated between a liquid and the polytypes.

There is a relatively wide range of compositional stability, roughly centered
at 55.7 mole % AIN, and a maximum in thermal stability at about 2050 C. At this
point ALON scems to melt incongruently into one alumina-rich, stable liquid and
one¢ nitride-rich, unstable (volatile) liquid. At about 2000 C on the AlN-rich
side of the single-phase field, vaporization increcases dramatically which kineti-
cally seems to influence reacticns in the single-phase region.

As previously indicated by McCauleyll a constant anion spinel model scems to
predict an ALON composition at 35.7 mole % AIN. Using the chemical formula

10, JACK, K. 0. Siglons and Related Nitrogen Ceramics. Review, 3, Materials Sci., vo 11, 1976, p. 11381158,
11 MeCAULEY, ). W. i Simple Madel for Aluminum Oxvnitride Spinels. 1o Am, Ceram. Soc,, v, 61, nos, 7-8, 1978, p. 372-373,
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A1(64 +x)/3 ] (8 - x)/3 O32 - x Nx obtained from this model the following
composition for N = 5 can be calculated:

Aly30,9Ng = 5 AIN9 Al,03.

Crystalline solution stability limits werc determined by detailed reflected
light microscopy and refined lattice parameters. Figure 2 illustrates the phase
assemblages on the 37.5 mole % AIN composition line on either side of an apparent
phase boundary line between the ALON single-phase field and the liquid plus ALON
and 12H polytype region. Note the dramatic disappearance of porosity in Figure 2a
and the concurrent appearance of liquid. The liquid and 12H polytype appear as
the lighter colored intergranular phases in Figure 2a; in Figure 2b the darker
circular areas are remnant porosity. This liquid occasionally quenches to a non-
crystalline phase, but also crystallizes into various types of AIN polytypes, in
this case the 12H polytype. Figure 3 illustrates thc microstructure of the ALON
plus liquid region on the Al;03-rich side of the single-phase field.
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In order to confirm the microstructurally determined range of ALON crystal-
line solution, refined lattice parameters were determined by a least-squares
technique on X-ray powder diffraction data. These data are illustrated in Figure
4 along with thosc obtained by Lcjus’ on material fabricated at 1700 C. There is
about a five mole % AIN difference between a least-squares line through the 1975 C
Jdata and the Lejus line. The difference can possibly be ascribed to a higher oxygen
content of the latter material or the sluggish reaction rates at 1700 C. The equa-
tion for this line is indicated on the figure.

ALON ceramics of various nitrogen compositions can be sintered using the
cxperimental conditions previously indicated to 99% of theoretical density. The
theoretical densities were calculated using the constant anion model and the re-
Uined lattice parameters. Figurec 5 shows a typical set of characterization data
on a series of runs at 37.5 mole % AIN. By relating these data to the microstruc-
tures illustrated in Figure 2 it can be seen that the appearance of liquid results
in a dramatic increase in volatility, represented by weight percent loss on the
figure; percentage of theoretical density is also indicated in parentheses. A
reaction and sintering scheme is also indicated on the figure.

Reaction and Sintering + Sintering (No Liquid) -+

Sintering (Liquid + Vapor Formation)

1700 C (Lejus)

0
a (A)

1975 C (Present
\Vork}

1.930

1
llll'l’"‘l’"TT—t—‘l'[‘r]’"ll'l‘[_l"—

0
a {A) « 0.0017 (mio AIN) + 7.8888

1 1 1 ] 1 1 )
4 . 3o 20 ’

Mole % AIN

Figure 4. Refined lattice parameters of cubic aluminum oxynitride spinel {ALON)
as a function of mole % AIN at 1975 C.
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Figure 5. Variation of density and weight percent loss with temperature {1-hr ruis) of 37.5 mole % AIN mixtures.

A preliminary apparent decrease in density occurs during formation of ALON, caused
by the diminishing amount of the higher density a-Al,03. Optimum properties and
liquidless sintering must bec carried out below about 2000 C to prevent the forma-
tion and subsequent vaporization of a liquid phase. Residual, quenched liquid,
either as a noncrystalline phase or as one of the "AIN" polytypes, will have a
large effect on the properties of the material. Note the increase in density for
the material sintered for three hours.

Formation of sintered, singlc-phase ALON ceramics free of second phases can
be easily accomplished in the single-phase field. Figure 6 illustrates a typical
microstructure of material exhibiting a rclatively large amount of remnant poros-
ity. This matcrial secms to react and sinter quite rapidly into a uniform grain
size microstructure. For our cxperimental conditions, grain growth is quite rapid,
with an average <ize somewhere betwecen 50 and 100 um. An abundance of apparent
spinel-law ({111}) twins is also evident in Figure 6b, which seem to polish at
different rates, since somec are elevated and others are recessed. A small increase
in sintering temperature (1975 C to 2025 C) results in much reduced residual poros-
ity and a microstructurc that only microscopic defocussing at low magnification
(Figure 7a) will resolve the grain boundaries; scanning electron micrographs of
fracture surfaces of this same material are illustrated in Figures 7b and ¢ to
further illustrate the microstructure.

Preliminary properties arc now being measured on sintered ALON materials.
Figurc 8 illustrates a polished disk (0.035'" thick) of a 30 mole % AIN material
cexhibiting a high degrce of transparency; the word ALON is behind the disk.

This same material has a hardness of up to 1850 Knoop (100 g), an elastic modulus
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Figure 8. Transparent disk of single-pliase
cubic aluminum oxynitride spinel.
19-066-1574/AMC-77

(ultrasonic) of 46 x 10° psi, a dielectric constant at 10 MHz of 8.56, a visible
light (0.55 um) refractive index of 1.77, and an infrared cutoff of 5.20 um.

Heat treatment in air for 20 hours at 1100 C resulted in a negligible weight gain
of 0.03 wt%, indicating an excellent oxidation resistance at this temperature.

SUMMARY AND CONCLUSIONS

A refined high temperature phase diagram in the region of stability of cubic
aluminum oxynitride spinel (ALON) along the Al303-AlIN composition join has been
determined. This material can also be described as nitrogen-stabilized cubic
aluminum oxide. Using this newly determined diagram, single-phase ALON has bcen
reactively sintered to nearly full density. Sintering is carried out quite casily
and polished thin disks exhibit visible light transparency. The lattice paramecter
of ALON varies with composition from 7.938 K for 30 mole % AIN to 7.951 R for
37.5 mole % AIN sintered at 1975 C. At this temperature the limit of ALON crystal-
line solution is from 40 to about 27 mole % AlN.

ACKNOWLEDGMENT

The authors wish to thank Dr. D. J. Viechnicki for help in the design of the
furnace and D. H. Corkum for help in various experimental parts of this work. We
also would like to acknowledge the contributions of W. B. Westphal (dielectric
constant), R. Brockelman (sonic modulus) and A. Zani, R. Middleton, and T. Sheridan
for their help on the metallography and X-ray diffraction. Thanks also go to
G. Gazza, D. Messier, and R. N. Katz for helpful discussions.

10



DESTRIBUTION LEST

No. of

Caples To

No. of
Coples To

[P

Oft1ce of the Under Secretary of Defense for Research and
trgincering, The Pentagon, Washington, 0.C, 203N
ATIN: My, ), Persh

. 6. Gamota

Conmander, Defente Ducumentation Center, Cameron Statton,
Muiiding &, %010 Duke Street, Alesandria, Virginia 22114

Nattana] Techntcal Information Service, 55 Part Royal Road,
Shrtnatield, Viegtnia 25181

Director, Defense Advanced Rescarch Profects Agency,
1400 Wilson Boulevard, Arlington, Virginta 22009
ATIN: Dr. A, Bement

Dr, Van Reuth

‘W arry Minser

Battelle Colunbus Laboratories, Metalc angd (eramtcs
Intormatian Center, 805 fing Avenue, (olwibus, O 3300
ATIN:  Mr. Kinston Ducherty

Ur. D, Wiesz

Deputy Chicf of Staff, Research, Development, and Acquisition,
Headyuarters, Department af the Army, Hashington, D.C. 20310
ATIN:  DAMA-AR?

DAMA-CSS, Dr, J, Bryant

DAMALFPI', Mr, R, Vawter

Conmander, U.%, Army Revearch and Oevelopment 0ffice, Chief
Research and Development, Nachington, 0., 2008
ATIX:  Physical and Engineering Sciences Division

Comrunder, Army Rescarch Office, PO, Bov 1021, Resoarch
irvangle Fard, torth (arolinag 27709
RITN:  Information Frocessting Of7ice

Or. G. ayer

Or, J. turt

Commander, 1,5, Amy Hateriel Developoont and Readine,,
Command, 5001 Lisenhower Avenue, Alevandria, Vieginta 00333
ATTN:  DRCIMD-ST

ORCLDC, Neo R, Jentner

Commander, U.S, Ay Llectrontcs Research and Developoent
{ornand, tort Monmouth, New Jersey 07703
ATIN: DRLSD-L

Commander, 1,85, Army Materiel Systens Ansivsis Activity,
Aberdeen Froving Groumd, Maryland 71005
ATIN:  DRXSY.I it Cahen

Commander, .S, Army Niaht Vision Oirctro-Opticy Laboratory,
Fort Belvoir, virginia 22060
ATIN:  DELRV-S, Mr. P, Traveshy

DELNV-L -0, Dr, R, Ruser

{ommander, Harry Diamond Laboratorfes, 7000 Powder Ml Read,
Adelpni, Maryland 20713
ATIN: Me. AL Benderly

Technical Information Office

DLLED-RAT

Commander, U.S, Army Missile Rescarch and Developement
Comvand, Redstone Arsemal, Alabama 35109
ATIN: My, £ Oresby

Technical Library

ORDMI-IR, Redstone Scientific Inforvation Center

Commander, 11,S, Mrmy Aviation Research and Development
Cormand, F,0, Box 209, ST, loutx, Misspouri 61166
ATIN:  DRDAV-EXT

DRDAV-Q1

Technical Library

Cormander, U S, Army Nattoh Research and Developrent
Command, Nattch, Massachusetts 01760
ATIN:  TYechnical Library

Or. J. Hanson

Comnander, U.S, Amy Satellite Communications Agency,
Fort Monmeuth, tirw Jersey 0270}
ATIN:  Technical Document (enter

Commander, U.S. Armmy Tank Autorotive Research and
Developewnt Cormand, Warren, Michigan  $8090
ATIN: Dr. W, Srystd

e [L Manperian

0. Rose

DROTA-RKA, Dr. J. Chovalier

DROTA-UL, Technical Litrary

RNTA-R

Commander, U\ Army Armarent Rescarch and Developent
Commard, Jover, New Jersey 78301
ATIN: M S taoon
Mool veIni
. 2 Gre?
W, omaees § Petly Sl RUTEL, Cveectae
M L R R 2 g )
Casvander, 5, 3y Armaeent Materiel Readiress Commandg,
Rock [aland, Mlinove 61099
ATTH: Technical Library

Corvinder, Aberdeen Froving Ground, Marvland 21008
ATT DRDARSCLR-PS, Mel 0, Vervier

Commander, 1,5, Army Mobility Lquipment Research and
Development Cormand, Tort Belvoir, Virginia 72060
ATIN:  DRDNf -1, My, W, MoGovern

DROMU-V, Mr, T, York

DRIML-X, Mr. H, J, Petors

Director, U,3, Army Balltstic Research Laboratory,
Aterdeen Proving Ground, Maryland 71005
ATTN: DRBAR-TSB-S {STINFQ)

Coreunder, Rock 1sland Arsenal, Rock Istand, 11tinats 61299
ATTN: . SARRI-EN

Comrander, U,.5. Army Teat and [vatuation Command, Aberdeen
Proving Ground, Marylang 2100%
ATTN:  DRSTC-NC

(orrander, U3, Army forewgn Sctence and Technology Center,
J20 7th Street, XL, Charlotlesville, Yirginta 2090
ATIN: Milttary Yech, Nr. W, Marley

Chief, Benet Weapons Laboratory, LOWSL, USA ARRADCOM,
Watervifet, New Yort. 12139
ATIN: DRDAR-LCR-TL

o

Corvander, Watervltet Arsenal, Watervifet, New Yorhk 17189
ATIN:  Dr. T, Davidson

Director, Lustis Directorate, U,S. Army NMobility Research
and Developrent Laberatory, Fort lustis, Virgimia 23008
ATIN:  Me. 0, Robtnson, SAVIL-T-MOY {AVRADCON}

M. €, Walker

Corrander, (1S, Avmy [ngineer Waterways Uvperiment Station,
Yicksturg, Missfssipef 3918
ATIN:  Research (enter Library

Froject Manager, Munitions Froduction Rase, Mederntzaticn
and {apansion, Dover, New Jerssy 07803
ATIN:  DRCPHSPRM.P

Technical Director, Human tagineering laboratortes,
Aterdorn Proving Ground, Maryland 21005
ATTN:  Yechnical Reports 0ffice

Chtef of Naval Research, Avlinglon, Virginta 220V7
ATIN:  (ode A1

Dr. A, Diness

D, R, Pabanga

Naval Reseavch taboratory, Washingten, D.C. 2017%
ATTNG Dy J ML Keaff - Code 8430

el R, Rice

Dr. dim C, 1. Chang

Headquartery, Naval Ay Systems Command
Washington, N.C. "0
ATIN:  Code 4703

Code MAT-04NM

Me, €T Bersch

My 1, Machiin

Headquarters, Naval Sen Svstems Command, 1931 Jefferson
Davis Highwav, Arlingten, Vieginfa 27376
ATIN:  Code (138

Headquarters, Nava)l TlecOronicy Systems Cosmand,
Washington, 11, C, 20300
ATTH:  Conte BIM

Cormander, Naval Ordnance Statton, loulsville,
Kentucky 40014
ATIN:  Code RS

Coemander, Naval Material Industrtal Resourees Oftice,
Rutlding %37-2, Phtladeiphia Navat Rase, Philadelphig,
fennsylvania 10117

ATIH:  Technical Uiredtor

Cormander, Naval Weapons Center, China Lake,
California "Q3bny
ATTR: M, P, Markartan

Mreo U, Teppo

Me, M, Ritihie

Comander, U.S, Atr Tarce of Scientific Rescanh,

Building 410, Bolling Atr torce Base, Washtngton, {NL¢, M3

ATTH: MAY W, Strwanc

Cormander, 118, Afr Turce Materialy Laboratory, ®right-
Patterson Atr Force Rase, Ohia 49413
ATT: De N, Tallan

M, 0, Graham

v, R, Ruh

Wy KOS Mardivasm

Aery Frvapulivion Labe, Y, R, Marsh

Comanter, &tr formie Weanemy [adoratory, Urtlaat iy Sore
Race, Aideduerdur. Ww eare  2TIIS

TN DL R DA

Covwipnder, Rir fooce Rrmament (eater, 1 it~ dtr Tone Rpve,
florida 3082

ATIN:  Technical Library

N
P



No. of
Coples To

No. of
Copies To

- —

-t ot - r

-

-t

-

-t

~r

National Aeronautics and Space Administrattion,
Hashington, D.C. 546
ATTN: Mr. G. C. Deutsch - Code RW

Wr. J, Gangler .

AFSS-AD, Office of Sclentific and Technical Information

Nattonal Aeronautics and Spece Administraticn, Lewis Research
Center, 21000 Brookpark Road, Cleveland, Ohio 441135
ATTN: J. Accurio, USAMRDL

Or. M, 8, Probst, NS 49-1

Dr. R, Ashbrook

Or. S, Dutta

Mr. C. Slankenship

National Aeronautics and Space Administration, langley
Research (enter, Kampton, Virginia 23665
ATIN: %0, J. Buchley, Mail Stop 387

Commander, White Sands Missile Range, [lectrontc Warfare
Laboratory, OMEW, ERADCOM, White Sands, New Mexico AR00?2
ATIN: Mr. Thomas Reader, DRSEL-WLM.ME

Oepartment of {nergy, Division of Transportation,
20 Massachusetts Avenve, N.W., Mashington, 0.C.
ATTN: Mr, George Ther (TEC)

Wr. Robert Schulep (TEC)

Mr, John Neal (CLNRT)

%r. Steve Mander (Fosst) Fuels)
Department of Transportation, 400 Seventh Street, S.W.,
Washington, 0.C. 20590
ATIN: W, N, Lauriente
Mechanical Properties Duta Center, Belfour Stulen Inc.,
13917 ¥, Bay Shore Drive, Traverse City, Nichtgan 49684

National Buresu of Standards, Galthersburgh, Maryland 20760
ATIN: . Dr, S, Wiederhorn
Or, J. B. Nachtmen

Wtions] Research Counci), Nattonal Materials Advisory

20545

Soard, 2101 Constitution Avenue, Washington, D.C. 20418
ATIN: Dr, ¥, Prindle

D. Groves

R. M. Spriggs
National Science Foundation, Mashington, J.C. 20450
ATTN: B, A, Milcos

Admiralty Materials Technology Establishment, Polle, Dorset
16 60U, United Kingdom
ATTN:  Dr. D. Godfrey

Dr. %, Lindley

AtResearch Marufacturing Company. AtRevearch Casting Company,
2525 Kest 190th Street, Torrance, California 90505
ATTN: W, K, Styhr

AfResearch Manufacturing Company, Materfals [ngincering Dept.,
11 South MtN Street, PO, Rox 5217, Phoentin, Arizona 85010
ATIN: Mr, D. ¥, Richerion, MS 93-393/503-44

AVCO Corporation, Applied Technology Diviston, Lowel)
Industrial Park, Lowell, Massachusetts O3N7
ATIN: De. T. Vastlos

Cordorundum Company, Research and Development Divistion,
P.0. Box 1054, Niggara Falls, Mew Yort 14307
ATIN: Dr. J. A, Coppola

Case Western Reserve University, Department of Metallurgy,
Cleveland, Onfo 44106
ATIN: Prof, A, K, Hever

Cowming (ngine Company, Colurbus, Indians 47200
ATIN: Ne, R, Yamo

Defence Research Eslablishment Pacific, FMO, Victoria, B.C..
VOS 180, Canada
ATTN: R, 0. Barer

Deposits and Composites, Inc,, 1821 Michael Faraday Drive,
Reston, Virginia 22090
ATIN: Mr, R, [. Engdahl

flectric Power Research Institute, P.0. Box 10412,
3412 Hillview Avenuve, Palo Alto, California 94302
ATIN: DOr. A, Cohn

Curopean Research Office, 223 014 Maryledorne Road, London,
Wl - Sth, England
ATIN: Dr. R, Quattrone

LT COL James Kennedy

Ford Motor Company, Turbine Research Department,
20000 Rotunda Drive, Dearborn, Nichigan 4B121
ATTN: Mr, A, F, Hclean

tr. €. A, Fisher

Mr. J. A, Mangels

General [lectric Company, Research and Develesment Center,
8ox 8§, Schenectady, New York 12345
ATIN: Dr, R, J. Charles

Or. C. D. Greskovich

Dr. S. Prochazka
General Motors Corporation, Au Svart »'
Michigan 48556
ATTN: Or, M, Berg

Georgia Institute of Technology, EES, Atlan‘y, Georgia 30332
ATTN: Mr. J, D. Walton

. hiviston, Flint,

GTL Sylvanta, Waltham Research Center, 40 Sylvanta Road,
Maltham, Massachusetts 02154
ATTN:  Dr, C. Quackenbush

Dr. W, H. Rhodes

117 Research lnstitute, 10 West 3ISth Street,
Chicago, I11inots
ATTN: Mr, 5, Bortz, Director, Ceramics Research

Institute fur Merkstoff-Forshung, DFVLR, 505 Porz-Wahn,
Linder Hohe, Germany
ATTN: Dr, W. Bunk

Or. H. Knoch

International Harvester, Solar Division, 2200 Pacific Highway,
P.0, Box 80966, San Diego. Californias 92138
ATTN: Dr, A, Metcalfe

Ms. M. [, Gulden

Kawecki Berylco Industries, Inc., P.O, Box 1462,
Reading, Pennsylvania 19603
ATTN: Mr, R. J. Longenecher

Martin Marfetta Laboratories, 1450 South Rolling Road,
Baltimore, Maryland 21227
RTTN:  Dr, J. Venables

Massachusetts Institute of Technology, Department of
Metallurgy and Materials Science, Cambridge,
Massachusetts 02139
ATTN: 7. R, t, Coble

Prof, H. K. Bowen

Prof, W, D, Kingery

Msterials Research Laboratories, PO, Bux 50, Ascot Vale,
VIC 3032, Australia
ATIN: Dr, C. W, Weaver

Midwest Research Institute, 425 Volher Roulevard,
Kansas City, Missouri 64110
ATIN: Ne, Gordon W, Gross, Head, Phyyics Stetion

Norton Company, Worcester, Massachusetts 01606
ATIN: Dr. N. Ault
Dr. M, L, Tortd .

Fennsylvania State Unfversity, Materialy Research Laboratory,
Materials Science Department, University Park,
Pennsylvantia 16800
ATIN: Prof, R, Roy
Prof. R, L, Newnham
Prof, R, [, Tressler
frof, R, Bradt
Prof, ¥V, S, Stubican

PSC, Box 1044, APO San francisco 96328
ATTN: 1A A, Anthony Borges

RIAS, Division of the Martin Company, Baltimore, Maryland
ATIR:  Dr, A, R, €. Westwond

Royal Afrcraft [stablishment, Materials Department,
R 175 Building, Ffarnborough, Hants, England
ATTH:  Ur. N, Lorney

Shane Azsociates, Inc., TRM Carrleigh Parlway,
Springfield, Virginta 22152
ATIN:  Dr, Robert S. Shane, Consultant

Stanford Research International, 331 Ravenswood Avenue,
Menlo Park, California 94025
ATTN: Dr, P, Jorgensen

Dr. D. Rowcliffe

State Untversity of New York at Stony Brook, Department uf’
Matertals Science, Long Island, New York 1790
ATIN: Prot, Franklin T, Y, Wang

United Technologies Research Center, last Martford,
Connecticut 06108
ATIN: Or. J. Brenman

Or. T, Galasso

Untversity of California, Lawrence Livermore Labovatory,
P.0, Box 808, Livermare, California 94550
AVIN: Mr, R. Landingham

Dr. €. F. Qline

University of Florida, Department of Materials Science ang
Inginecring, Gatnesville, Morida 32601
ATTH: Dr. L. Mench

University of Newcastle Upon Tyne, Department of Metallurgy
and [ngincering Materials, Newcastle Upon Tyne, N[1 7 RU,
tnqland

ATIN: Prof. K, H, Jack

University of Utah, College of Cngineering, Division of
Matertals Science and Engineertng, Salt Lake City, I'tah
ATIN: Prof, 1. B, Cutler

University of Washington, Ceramic Cnyineering Division, #D-10,
Seattle, Washington 98195
ATIN: Prof, James 1. Nucller

Prof. A, €. Gorum

Westinghouse Electric Corporation, Research Laboratories,
Pittsdurgh, Pennsylvania 15235
ATIN: Or. R. J, Bratton

Or. B, Rossing

Director, Army Materials and Mechanfcs Research Center,
Watertown, Massachusetts 02172
ATTH:  DRXMR-PL

DRYXMR-WD

Authors

N1




— —

“3ybLy 3qLsiA

:w Kduauedsuesy $31qQiyxa A3isuap [(ns Aldeau 01 paasluls Letaa3ew NOTy aseyd-ajbuig
0TIV 6°NiY & 40 SNITOEZ{y :1u0}3)S0dWOD 31433W0LYD107S Buimo|10) 3y) 03 juajeAinbd
St YILUM NLY % 310w £°GE In0OQe 3@ paJajudd A||euoyytsodwod St pue 9 050z Inoge e

A uanibuoduy s3|aw |2ujds apiajsuhxo wRUWR|e J1QRD JeY] UMOYS St 3] *SUOLIRAUISqO
LBJNIINIISOAI4w pUR SJUWILNSEIW {eIL3A|eur SNOJJRA W4y A[Laewiad Pasnpap ‘pajuas
-aad’ st uiof uoj3isoduod Ny-£02|y Aueuiqopnasd ay3 buoje (NOV) (dutds apja3tulxo
wAULWALR D1QRD O A3y |1qe3s 30 U163 ay3 Uy wedbeip aseyd pasuapuod *31.PQOSI Mau y

LLO0Z¥H 201119 3POD SWOWY
‘2VHY20LI9L L 393foug y/q *suopieaisn|ftL
- dd 2| *6L61 Ao '$2-6/ ¥l YWY 340day [edluydag

IpLx0 unuiwn|y
whiaqtinba aseyy

Laupdg U1Q403) *Q puewaoy
spaom A3y pue A3 nejdy 'M sawep — JINIJS
JOTHLINAXO WNNIWNTY 21800 LNIBVASNVYEL 340
NOLLITIISIO S3LINI NN ININIINIS NOILOVIY ONV SAIHSNOILVI3Y 3SVHd
ZL1Z0 5133SAYJESSEN ‘uMOIi3IeM

ov *433Ua) YIJRISIY SIPURYIAW PUB S|PLAIIRW Aty

*3YBjy aLqisia

:m Aousaedsueay S31q1yxa A3ysudp [|ny A{4eau 03 Pa.433ULs |epsajew NOTY emuha-wwwcwm

© ROULY 6NV § 40 SNCZQEZ|y tu0i31S0dwod 31433u0(Y2403 8 buimo) 1oy ay3 03 juageagnba
SEUdyM NIy % 310w /°GE Inoqe Je pauajuad A||euot]Lsodwod S pue ) 0502 In0Qe e
A(3uanJbuoduy 533w (auyds apjayiudxo WAULWN[® O1QNd eyl UMOYS St 3] ‘Suoi3eA4asqo
LBIN3IN4350.00 4w pue Sjuduwaunseaw [edf3Ajeue SNOJURA WoJy A{tuewyad paanpap ‘pajuads
-24d sy upol uoy3jsodwos Niy-€pZ1y Kaeupqopnasd ayy buoje (NOTY) Lauids apju3iukxo
wnuiwnie d1qRd 4o A3411qe3s 40 uoLbaa ay3 uy weaberp aseyd Pasuapuod *d1ueqost Mau y

LLOOZYH" 201119 3p0D SWIWY
‘2PHYZOLL9LL 393f0dd v/Q *suosieazsni|y
—dd 2| ‘661 ABW ‘2-6{ Yl JUWWV 34003 {ediuyda)

3pLX0 wnutun|y
wntagiinba aseyy

18uds U1Q40) ‘g puew.oy
SpJaop Kay pue A3inejdy M sewep — TINIds
3014LINAXO WANIWATY 21800 INISVASNVYL 40
zoz.ﬁwmm%wﬁs._z: ONIYIINIS NOILDYIY ONV SAIHSNOILYIIY 3S¥Hd
2L120 m&uUmSSUmeMI -..—30&&0&03

Qv .LOQCUU Yyoueasay SJlueydrsy pue w—ﬂmhsmz >.E..-<

34641 2qLsia
ut Aduasedsuedy s3qpyxa A31susp |(ny A1ae3u 03 pasajuls (epJajen NQTY aseyd-atbuig
20?1y 6-NY § 40 SNETORZ{y 1u0j3}S0dW0D 21a30w01yD1035 BUMOL (05 3Y3 03 Jua|eALNDI

St UIUA NLY 2 (0w /°GE IN0QR 3 pasIjuas Aq|euo}3isodwod sy pue ) 0502 Inoqe 3e
A13uanabuoduy s3|aw [auds appajjukxo WNULWNL® J1QND JBYT UMOYS S} 3] °SUOLIPALASGO
L®4NIDNLISOUI 1 puR SIURINSRIW le243k | Rue SnoyseA wosy K| jaewiad pacnpap ‘pajuas
-34d 4 ujof uojyisodwos Niy-£pliy A4euyqopnasd ay3 buote (NOTY) 1aulds apiajiukxo
wuwnie 24qQnd 30 A3111qe3s 3o woibaa ayy u} weabeip aseyd pIsuapuod *514eq0st MIU

LLOO2YH 201119 2PO) SHOWY
*ZVHVZOLL9LTL 393f04d y/Q *suojaeassny|}
— dd 21 661 AW ‘2-6/ YL J¥WWY 340day [e31uyda)

IPIX0 wnUiwn|y
wn1aqiLinba aseyy

—UC_Qw ujqa0) °Q purwuoy
spaon Aay pue Ka[neJon ‘M Sawep — TINILS
n J01ULINAXO WONIWNTY 218N INIUVASNVAL 40
10 Q3L kI ONTYILNIS NOILOVIY NV SATHSNOT Y13 3SVHd
2L120 S3I3SNYIRSSPN ‘umojuajen

ay *493UP) YOJRISIY SIJURYIIN PUR S{B}JIYRY Auly

"3y6LL d1qista
=W Ksuaaedsueay s31qiyxs A3isusp ||ny Alaedu 03 pauajuls |ejJajeu NOTv @seyd-a|buig
“Y0%LY 6-NLY G 40 SNLZpET)y 1U013150dwod 51433w0tyd103s 6UIMOL|0) Y3 O3 JuajeALnba |

S UIIYM NIV % 910w /°GE InOQe 3@ PaJajudd A|euot3Lsodwod St pue ) 0502 INOqe J@
A3uanJbuodul S3 3w |3u}ds apiJ3jukx0 wnuWN|e 31qN3 JBY} UMOYS S§ 31 °SuOl3eAJ3SQO
LBJNIINIISOLD | pue SJudwaUnseaw (edj3h|eue SnojJeA woay A|taewrsd pasnpap ‘pajuas
-34d st u1of uoy3isodwod Niy-£0%1y A4euiqopnasd ayy buote (NOTv) Lduids apiagiuhxo
wnuiunie d4qnd 4o A3411qe3s 30 uojbaa ayy uy wesbeip aseyd pasuapuod $2140Q0SL MAU

LLQOZYH 20LLL9 3pOD SWOWY
‘2¥HY20119111 333f0ad y/a *suorjeaysny(y

3Pp}x0 wnuwn|y
~ dd 2t ‘6/61 AeN ‘$2-61 Y1 JuWY 34043y |ed1UYdd)

wniaqiiinba aseyy

{auydsg u1QI0) *Q purEION
spaoy Aay pu2 Aa|nedoy “p saurep — 3INIAS
30141INAXO WINIWATY 21813 INZUVASNVAL 30
NOLLASINLSIO QILIKIINN ONIHILNIS NOILIY3N ONV SAIHSNOTLVII 3Svhd
24120 S1I3SNYORSSeY ‘umOIJIIeN

av -LU&EOU YIoae3say SILURYIIN pue SPLINLYK NE<




R T

;
!
H
.‘—
:
i
]

3451t arqista

ul mUcmLuam:oL« SILqtyxd L31sudp |{ny K aeau 03 paJ4ajuis jetuaajew NOTY aseyd-a|buig
“£0%1y 6+NIv § 40 SHEZ0EC Ly tuot3tsodwod Stajawaiydiols butmo| Lo ay3 o3 juajeAnba
SLPLYM Ny % 310w /°GE 3n0Qe 3o pasajuad Aireuotytsodwos sy pue 9 0502 Inoge e
£13uanabuoduy $3 (3w Loulds aptajiudxo wnuiwnie 14qnd 3ey3 umoys si 3| *SUOLIRALISQO
LRINIDAUISOUD LW puR SjuawaANSPIW Led11£ eue snotaea wouy A1aewyad pasnpap ‘pajuas
-a4d st utof uor3tsodwod Niv-£0% |y Auaeuiqopnasd 3y3 buoje (NOTY) 13uids apia3iuhxo
wnulwnie Jtgnd ;o A311qe3s o uo1bas ayy uy weubeyp 9seyd pasuapuod *siaeqosi mau v

LL002PH 201119 3PO) SWIWY

‘2bHYZ0119(11 193f0ad y/Q ‘suoijedssn)|y
= dd 21 “6L61 A®W ‘v2-6L ¥l Juwy 3Joday tedtuusag

3pLx0 wnywn |y
whiagqi)inba Iseyy

teuids ULQU0) *( puewaoy
s$paom L3y pue A3fnejdol M sawep - T3INIAS
Y 0IYLINAXO WANIWNTY 31903 INJUVISNYYL 40
zon_gmmwwwmm<mwmwz_dz: ONIHILNIS NOTLIVIY NV SAINSNOILVITY ISy
3 2L120  S333SNYdRSSEY ‘UMO3a3en

av "433U3) Y>1R3SIY SItURYIAW pue S|PLIIeN Ay

ut Loudaedsuedy s3iqiuxa A31suap [1ny Alaesu 03 paJadjuls |eiuazew NOTY aseyd-atbug

"tOTLY 6eNLY § wo SNEZE21y ruol3rsodwod d1433w0tys103s butmoy 1oy ay3 03 juajeainba

SL UdLyM NIV % I|0W /°GE 3nOQe 3 paJauad AL LeuoLy t50dwod sy pue 9 0602 Inoge je
A1juanabuoduy s3taw autds 8piJ3LuAxo wnulunie s1qns 'Y UMOYS St 3]  °SUOLIPAULISGO _

346} | a1qysta _

[B4N3INAISOLD LW puR SIUBWBANSEAW |€D43A]RUR SNOLLRA woay Aitdewiad pasnpap *pajuas
-a4d st ulof uoyjLsodwod Niv-€02 |y Aaeurqopnasd ay1 buote (NOTy) (auids apLauhxo
wnutunle 31qnd Jo A3L|1qe3s 4o uoibaa ay) ui weabetp aseyd pasuapuod '214eq0S) M3U y

_-cowv:.mo_—_omvouw:oz<
‘ZrHVZ0LL9111L 3930044 y/Q ‘suoiyeassng|y _

dpLx0 unuwnyy
— dd 2| ‘6/61 AeW ‘p2-6L ULl JYwdy 34oday tesiuydsay

wntagiyinbs aseyy

tautds u§qu0) *Q puewdoy
spaow Aay PUR A3{NeoW M SAURC — TINIdS
3074LINAXO WANIWATY 91803 LNIUVASNVEL 40
zo_hJMwwwmmm<mwnmz~4z= ONTYIINIS NOTLIVIY ONV SAIHSNOILYI3N 3SvHd _
2L120 wuu@m::uwmmﬂz -=3ONLUumI
ov *433U3) YdJRasIY SILuRYdaY pue S{eLdaey Auty

"I46) | alqisia
=w Koudsedsueay S31q1yxa A1ysuap ||y Ajaeau 03 P3.4djuls (eiJajew NOTY aseyd-agbutg
0%V 6°NLY § 40 SNETOEZ |y :uoyyisodwod 24432u01yd103S BuiMo| |0 3y 03 JuajeAinba

$1 WIIYM NLY % 30w £°GE In0qe 3@ paJaquld A1euot31s0dwod si pue 5 0goz noge qe
AlIvaniSuoduy s3(aw 12u}1ds apya3puhxo wnuiwnie 54qnd IPHY UMOYS SL 3] *SUDLIRAJISQO
LRINIONLISOLI (1 pue Suawdanseay Le2534h eue snojaea wouy Aypavuyad padnpap ‘pajuas
-34d sy uiof uo131sodwor NLY-£0% 1y Azeuiqopnasd ay3 buoge (NDYy) aupds 3p a3 Luhxo
wnutwnie 21qnd 3o A31gqe3s 30 uvoibas ay3 ul weabeyp aseyd pasuapuod £2140q0S) Mau y

LLOOZYH 201119 2P0 SWIWY
‘2YHYZOLL9L L 323f0ug v/ ‘suoyIeaIsn| |}
— dd 2 *6L61 AeW ‘92-6/ ¥l Juky 340d3y Leatuydag

PLX0 wnutwny
wniaqeyinba Iseyy

Lautds U§940) *g pueuitoy

Spaon Aay Pu® Aa{nedoy "M sawep — YINIdS

NOT19141S1G - 301YLINAXO WANTKNY 3180D INIUVASNVAL 40

03131y aL KT AN SNIIINIS NOTLIVIY ONV SAINSNOILYIY 3SvHd

. 2L120 51395nydessey ‘uMoIlajeN
Ty 493U9) Y240353Y $I|UPYIIN PuUR S [P} 4330 Kuay

3ybL| aLqista

:m Aduasedsuesy s3iquyxa A3Lsuap ((ny Apaesu o3 P3.43juls epa3rew NOTy Sseyd-a buig
*toZiy 6-NlY § uc SNEZQEZ 1y tuoty ) SOdwod 21J32w0Lyd103s Bu MO} 10 Y3 03 JuajeAinbs
SI UdLYM NIy % 30w £°GE 1n0Qe JE Pasajuld AL euoty1sodwos s pue 9 0502 1noqe e
K(3uanubuoduy s3jau (3uids 3pia3tukxo wnuiwnje 2LQnd 3By UMOYS Sp 3]  *SUOLIRAJI3SGD
[B4N3INII5043 1w pue Sjuawaanseaw [ed134 eue SnotJeA wody Ajtaewiad pasnpap ‘pajuas
~34d sp ujof uoi31sodwod NLV-€02(y Kaeu)qopnasd a3 buore (NOW) Lauids aplajiuhxo
wnutwnie Jignd 4o A3111qe3S Jo w0163 9y3 ut weabelp aseyd pasuapuod £9140q0SL Mau y

L1002¥H™ 201119 2P0 SHOWY
‘2PHY20119171 393f0ug v/Q *suoiieasnyyy

3pIx0 unujwn|y
~ dd 2{ “6/61 AeW ‘p2-67 UL JuwMy 3.J0day tedtuyday

wniaqryinba aseyy

Laurds utquo) °Q puewloy
SpAOM Lay pue Aafne)p "M Sauep — TINI4S
301YLINAXQ WANIWNTV 21800 INIHVISNVEL 40 _
zo_hJMWWWWMm<mWHM:_Jz; ONTYILNIS NOJLIVIY ONV SAINSNOTLIVIY 3S¥hd
2L120 muuwwzzuummmz -:30&&000:
oy *49103) Yd24easIY SIJURYIIW puR S|BLIIYRN Auty




