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MAGNET IZATION , MACNETUCRYSTALLINE ANISOTROPY AND MAGNETOSTRICTION OF Th2Co 1,,
Ho2Co1, AN)) Er~Co1 ; SIN( LE CRYSTALS5 -

A~ E, Miller , T, D’Silva and U, Rodrigues
Department of Metallurgical Engineering and Material. Science

University of Noire Dame, Noire Dame, Indiana 46556

ABSTRACT

Thi. paper describes the temperature dependence of the rare earth sublatttce, The single ion nature of
magnetization, the anisotropy constant K2 and the meg— the rare earth i~n in compounds with transition metals
netostriction Constant ÀY of single crystals of and in pure elements, is reported in literature.(hl ~ IS)
Th;Co 17, Ho2Co1, and Er~Co3~ over the temperature rangeF - 
77.4°K to 400°K, Tb;Co17 and Ho;Co17 have a uniformly EXPERIMEN TAL
easy magnetization in the basal plane while Er2Co27
maintains an easy C axis over the entire temperature The saturation magnetization, magnetization curves
range. The anisotropy constant K1 was determined by a in the easy and hard directions , and the magnetostric—
least square fit of the theoretical equation of magne— tion constant A’~ were determined from 77.4°K to 400°K
tization to 3,he measured magnetization curve along the on single crystals of the three ccmpounds. Details of
hard axis. The anisotropy constant Kx at 297°K for specimen preparation and experimental technique are
Th;Co57, Bo;Co1, and Er2Coj, is , —3.2x10’, —O.9x107 and described in previous papers.(’”)
O.41x10 ergs/cm , restsectively.

The uagnetostriction coefficient A1_ wae determined RESULTS AND DISCUSSION
by the strain gage technique. The contribution of the
Th ion to tne ulagnerostriction constant A 1 of the Tb3~~o1, and Ho;Co27 are both easy basal plane and
R;Co1, compound is positive whereas the contribution Er;Co17 is easy C axis. The field dependence of the
of the Ho ion i~ negative, The maguetostrictive bc— magnetization along easy and hard directions for

— -‘avior of the Th ion is single ion in nature. Tb7Co17, Ho;Co57 and Er;Co1, are shown in Pigs, 1, 2,
- - , 

- - r - an’l 3 , respectively, Fig. 4 shows the temperature de—
1~TRODUCYION 

- 

pondence of the saturation magnetizativn determined

‘ 
tror the magnetization curves in the easy direction.

The ,ur osc of t is ir paper ~s to describe -~ study ~~~~5 saturation magnetization measured on aligned pow—
of ~ne saturation )/agnetization , magnetocrystallllse 

ders (13 ,1’5 ,15) of these compounds and single crys—
assisotropy ansi uzugnecostrictive behavior of Tb3- Co37, 5-tals(”) of Tb;Co~~ and Ho2Co j-,, was determined by
-He-7~o1~ and EraCo1-, and to test for the singin ion ne— 

the extrapolation technique. The M5 value of Th Co ,
ture of the rare earth ions ii, these CompcLr.ds, Simi— only, agrees with that reported by Strnat et al.~~~i
lar studies on R;Co1, compounds of other heavv rare The saturation magnetization of the R—Co compounds de—
earth elements have been reported eariier.h 1

~~) pends on the composition , which is controlled by the
purity of the starting materials and the alloy pre—The magnetocrystalline anisotropy energy for a 
paration technique. The crystals used in this studyhexagonal crystal is given by,(’)
were all Co rich with Chemically analysed compost—

— K1 sin 2O + IC2 sin ”e (1) tiona of Th2Coj-, 05, rr;Coji,0 3 and No;Co5;.~ 6. This
The anisotropy constants K~ and K; can be determined 

could explain the higher N5 values for Tb;Co1, and
by a least square fit of the theoretical equation of Ro;Co1, in cor.spsrison to those reported by Deryagin
magnetization to the experimentally determined magneti-’- and Kudrevatykh,(16 )

zation curve alos g the hard axis, (7)  Since the aniso— 700 I C I C I I I 1 I I

tropy constant K; is dependent on the curvature of the - 
— -

magnetization curve , determined along the hard axis , 6OO~ ~~~~~~~~~~~~~~~
the complete magnctization curve along the hard axis 

— — 
2OO.,~

..8 IC
must be available to determine K; accurately. ~ SOC ~‘-_________________________________E 173 1

The magnetostrictive strain in hexagonal crystals u - —138’K(08 Xas a function of the direction cosines of magnetiza— 400 
— 

- - f l 4’K -
tioc, direction cosines cf strain measurement and the E -

3 magnetostriction Constants is given by Callers and
Callen.(8) The inagnetostriction constant ÀY measures 300 -

the distortion in the basal plane and is determined by EASY A-AXIS
selecting the a axis as the strain gage direction and 200 -

the a and b axes as the initial and final directions of Tb2 Co17
magnetization respectively, / 

(00 -

The magnetization (m)R of the rave earth sublat—
tice R is taken to be given by: 0 I I I I I I I I i_

0 I 2 3 4 5 6 7 8 9 (0 Hs- R R2co17 — m~
0 (2) H, (KOe)m m

— - The anisotropv conatant K~ and the seagnetoatriction Fig. 1(a) . The true field dependence of magnetization
constant (11)R are defined in a simtiar fashion, along the easy a axis for Th2Co5,

For single ion behavior , the magnetostriction con-
stant (AY)R and the anisotropy coefticient k2 (where

— + ~ K~)(~) are related to the magnetization of 
Fig. 5 shows the temperature dependence of Ki

50 the rare ç2rth sublattice by a hyperbolic Bessel func— for Er;Co17, hio;Co4)7 and Tb2Co1;, The K 1 values for

~j~~(8.I o given below, these compounds were determined from the initial seg—

(3) tis)fl. The K i values for Tb253057 and HoiCo1, agree(Ay(T,H)IR — (AY (O ,M)J R 
~~, ~h— I (!L)R) 

men t of the magnetiza1ic~n curves in the hard direc—
/ 2  Th~ fairly well with the K~ff values reported by— k~(O) I~ (b~~~(~_)R) (4) Deryagin as~a Ksdrevntykh. (!”l The anisotropy con—

‘2 stanI- K 1 of Er3Cot, at 297°K meaSl.red on aligned
P where, the argismeni of the Bessel function is the in— powder by Ndra’4)imhan et al,(uS) is O.2lxlO 7ergslcc

vorse Langevin function of the reduced magnetization of as compared to O.4x10 5- ergs/cc reportcd in this study.
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0 I 2 3 4 5 6 7 0 9 $0 II 12 Fig. 6. The temperature dependence of A ’1’ for Tb2Co3,M,,55 (K 0,) 

and 0o2Co17.
Fig. 3. The true field dependence of megnetization

along the easy c axis and hard a axis for
Er2Co 1,. The cobalt contribution to the Th2Co 17 and

Ho2CoI, is determined from Y;Co1, which is also easy
basal plane . Although pure Co differs structurally

Fig. 6 shows the temperature dependence of the the (Ci values for pure Co reported in literature ,(~~
)

gnetostriction conStalst À y for Tb,Co1 -, and Ho,Co17 is used for determining the Co contribution to K~ for
Th. constant À y for F r s C o 5 7  could not be determined Er3Coj-,, since pure Co and the Co s,iblattice in

L 
because of lack of saturation in the basal plane , with Er;Co1, both have an easy C—axis and therefore the
available fields. The Th Ion has a positive contribu— same sign for Ki . Since the anisotropy constant 1(5
tion to the mag net ostr ictio n of the R 2Co 1, compounds could not be determined accurately, the anisotropy

P 
whereas the contr ibution of the Ho ion is negative , constant K i is used in Equation 4 which is plotted in
This is due to the dif ference in share between the two Figs. 7,8 and 9 for Tb 2 Co17, Ho;Co1, and Er2Col-,, re—

~ Is rare earth jons,(’’) spectively. Only the Er ion shows good agreement with

100 7
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~
., magnetostriction of the Tb Ion shows excellent agree—
Is~~~si,. t~~~~, I ment with single ion behavior whereas the deviation

(.0 09 08 0.7 06 05 04 0.3 0.2 01 0 of the Ho ion from this behavior is not understood.0
4Work supported by the Office of Naval Research,

C
S
U

REFERENCES
‘ -s 1. D’Silva T., Igarashi H , Miller A.E. , Magnetization

and Magnetostriction in Y2C017 and Dy2Co17, Pt-o—
5- ceedings of the 10th Rare Earth Research Conf., !.2 458—465, (1973). -

too 2. Miller A.E., D’Silva 1., Igarashi H., Shanley J.,
Magnetoscrtccion of Dy2 Co 17,  Y2Co1, and Dy~Y 3...~Co~7

~~ -IO 

~~~ ~
y Tb 1253-1255 , (1973).

Intes-metallics, AlP Conference Proceedings , .j~
,

3. Miller A .E,, D’Silva T., Miura K., Magnetization and— ‘5
000 

Magnetostriction in Lu2Co5l, TmzCo1~ andLuXTh2.,XC0I7 Intermetallics, iroceedings of the 11th 4- Rare Earth Research Conf , 1, 461—468, (1974).
4. Miller A.E., Shanley J.F., D’Silva T., Magnetiza—‘.20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ tion and Magnetic Anisotropy in YxDY2_X COI7 In ter—

Fig. 7. The magnetization dependence of K~~ and 
inetallics, Proceedings of the 11th Rare Earth Re-
search Conf., 1, 469—472 , (1974).

(A 1)T$
~ for the Tb ion. 5. Miller A.E. Illura K,, Rodrigues H., D’Silva T., Mag-

netization and Magnetic Anisotropy in Lu
~

T1n2_ 
~~~I 7A 

~.•(~~~} intermetallics , AlP Conference Proceedings, 2~, 672—— - I I;~ 
m

o.s 0.4 03 0.2 0.1 0 6. Mason W.P . , Derivation of Magnetoatriction and0

-~~~~~~~~ Orthorhombic Crystals, Physical Review, 96, 302—

• 

Anisotropy Energies for Hexagonal, Tetragonal and

A
S — 305, (1954).
U 7 .  Sucksmith W ., Thompson J.E., The magnetic aniao—5-
• —I trophy of cobalt , Proceedings of the Royal Society,

362—375 , (1954).

- 
2 

- 

Magnetostriction and Anomalous Thermal Expansion
5- 8. Callers E., Callen H5, Magnetostriction, ForcedS
Q
N 0 - ~OO is. in Ferronagnets , Physical Review , 139, A45 5—A47 1,

~~~~Ho ~~ (1965).x

~ (~
T

)
N. 9. Kneller F., Ferromagnetismus, Springer Verlag,

Berlin, (1962).
_____________________________________ 10. Callers H., Sh tri~~an S., A Probabili ty density

common to molecular field and collective excitation

Fig. 8. The magnetization dependence of K~
O and theories of Ferromagnetism, Solid State Comm., 3,

5—8, (1965) .
for the Ho ion. 11. Clark A.E., Magnetic and Magnetoelastic properties

___________________________________________ of highly nagnetostrictive rare earth—iron Laves
I I r I I I I I phase compound, AlP Conference Proceedings, 18,

1015—1029, (1973).
40 12. Clark A.E., DeSavage B.F., Bozorth R., Anomalous

Thermal Expansion and magnetostriction of Single
— Crystal Dysprosium, Physical Review, 138 , A216—

A224 , (1965).
A

-3.0 13. LaForest J.. Lemaire R., Pauthenet R ., Schweiger .1.,
-. Propridtds magndtostatiques des alliages T2C017

dans lesquels T est un nétal des terres rares ou
l’yttrium , C. R. Acad . Sc. Paris , 262, 1260—1263,
(1966).

14. Strnat IC , Hoffer G., Ostertag W., Olson J.C.,I. - Ferrimagnetisus of the Rare Earth—Cobalt Intermetal
lic Compound, R2 C017, J. Appl. Phys , 1252—1253,
(1966). —

1.0 - 15. Narasimhan , K.S.V.L., Wallace W .E , Hutchens R.D. ,
- G’eedan J.E., Magnetic Anisotropy of R2Co5 , Com-

pounds, AlP Conference Proceedings, 18, 1212—1216,
(1973).

0 _~ £ i 16. Steven K.W .H., Matrix Elements and Operator Equiva—
t O 0.9 0.0 07 0.6 0.5 0.4 0.3 0.2 0.1 0 lents Connected with the Magnetic Properties of

Rare Earth tons, Physical Society, 65, 209—215,
(1952).

Fig. 9. The magnetization dependence of K~~ for 17. Deryagia A.V . and Kudrevatykh N.y., Magnetic
the Er ion. Anisotropy of Single Crystals of Interinetal lic

R2 C01-, (R~Tb ,Dy, Ho ,Lu) Compounds, Phys. Stat.
single ion anisotropy behavior which may Indicate that Solidi, (a) 30, ((129, (1975).

is not as significant in Er 2 Coj 7 as in the other 18. Sarnier Y. ,  Pauthenet R. , Rimet C., Thermonagnet ic
compounds. The contribution to magnotostriction of Study of a Hexagonal Cobalt Single Crystal , Cobalt,
the Tb and Ho ions are showsn in Figs. 9 and 10. The 15, 1-7 , (1962).

1008
I



BASIC DISTRIBUTION LIST

No. of
Address Copies

Office of Naval Research
Code 471
Department of the Navy
Arlington , Virginia 22217 3

Office of Naval Research
Code 105
Department of the Navy
Arlington, Virginia 22217 6

Office of Naval Research
Code 474
Department of the Navy
Arlington, Virginia 22217

Director
Office of Naval Research
Branch Office
495 Summer Street
Boston 1 Massachusetts 02210

Office of Naval Research
New York Area Office
207 West 24th Street
New York, New York 10011

Director
Office of Naval Research
Branch Office

- ,  536 South Clark Street
Chicago, Illinois 60605

Director
- 

I Office of Naval Research
Branch Office
1030 East Green Street
Pasadena, California 91106

Office of Naval Research
San Francisco Area Office
760 Market Street, Room 447
San Francisco, California 94102

-
. 

Commanding Officer
Naval Weapons Laboratory
Dahlgren, Virginia 22448

Attn: Research Division 

-- -



r - -—- ‘— -- -- -—~~-- --~~~~~~~~ - - -—- - -- -- 
~~~~~~~~~~~~~~~ 

5 —.—-— ~~~~~~~~~ -.--- - - - 

-
-

No. of
Address Copies

Director
Code 2000
Naval Research Laboratory
Washington, D. C. 20390

Attn: Technical Information Officer

Director
Code 2020
Naval Research Laboratory
Washington, D.C. 20390

Attn: Technical Information Officer

Director
Code 6000
Naval Research Laboratory
Washington, D.C. 20390

Attn: Technical Information Officer

Director
Code 6100
Naval Research Laboratory
Washington , D.C. 20390

Attn: Technical Information Officer

Director
Code 6300
Naval Research Laboratory
Washington, D.C. 20390

Attn: Technical Information Officer

Director
Code 6400
Naval Research Laboratory

1 Washington, D.C. 20390

Attn: Technical Information Officer

Director
Code 2627
Naval Research Laboratory

• Washington, D.C. 20390

Attn: Technical Information Officer 6

• Commander
Code 320A
Naval Air Systems Command
Department of the Navy
Washington, D.C. 20360

-q 5—— — — 



~~~~~~~~~___,._ _5~~~
_ ---. -—,-~~~ -

No. of
Address Copies

I
• Commander

Code 5203
Naval Air Systems Command
Department of the Navy
Washington, D.C. 20360 1

Commander
Code ORD 033
Naval Ordnance Systems Command
Department of the Navy
Washington, D.C. 20360 1

Mr. F. S. Williams - - -

Naval Air Development Center
Code 302
Warminster , Pennsylvania 18974 1

Commanding Officer
Code 210
Naval Ordnance Laboratory
White Oak
Silver Spring, Maryland 20910 1

Commander
Code 0342

-‘ Naval Ship Systems Command
Department of the Navy

— Washington, D.C. 20360 1

Commanding Officer
Code L70
Naval Civil Engineering Laboratory
Port Hueneme, California 93041 1

Commander
Code 6101
Naval Ship Engineering Center
Department of the Navy
Washington , D.C. 20360 1

L Naval Ship R&D Center
Code 28
Materials Division
Annapolis , Maryland 21402 1

H U.S. Naval Postgraduate School
Materials Sciences Division
Monterey, California 93940 1

Commander
Code 5560
Naval Weapons Center —

China Lake , Calif ornia~ 93555 1

~

---~



I 
--

~~~~~~~~

— - -

No. of
- - Address Copies

Scientific Advisor
Code AX
Commandant of the Marine Corps
Washington, D.C. 20380 1

Commanding Officer
Metallurgy & Ceramics Division
Army Research Office
Box CM, Duke Station -

Durham, North Carolina 27706 1

Office of Scientific Research
Solid State Division (SRPS)
Department of the Air Force
Washington , D.C. 20333 1

Defense Documentation Center
Cameron Station
Alexandria, Virginia 22314 12

National Bureau of Standards
Metallurgy Division
Washington, D.C. 20234 1

National Bureau of Standards
Inorganic Materials Division
Washington, D.C. 20234 1

Atomic Energy Commission
• Metals & Materials Branch

Washington, D.C. 20545 1

Argonne National Laboratory
Metallurgy Division
P.O. Box 299
Lemont, Illinois 60439 1

Brookhaven National Laboratory
Technical Information Division
Upton, Long Island, N.Y. 11973

Attn: Research Library 1

r Director
Metals and Ceramics Division
Oak Ridge National Laboratory

r P.O. Box X
Oak Ridge, Tennessee 37830 1

_ _ _  -~- - - - — — - - - ~~~~~~~~ - - -- - 
--—



- —‘- - —-.----,— - 
~~
-

~~~~~
- -- -- -----

~~~~
---

~~~
- — .---- —---5 .--- ~~---—- _______________

No. of
Address Copies

Los Alamos Scientific Laboratory
Report Librarian
P.O. Box 1663
Los Alamos , New Mexico 87544 1

Commanding Officer
Army Materials and Mechanics

Research Center
Watertown , Massachusetts 02172

Attn : Res. Programs Office (AMXMR-P) 1

Library
Bldg. 50, Room 134
Lawrence Radiation Laboratory
Berkeley, California 94720 1

C~nmanding OfficerNaval Underwater Systems Center
Newport 1 Rhode Island 02840 1

Aerospace Research Laboratories
Wright-Patterson AFB
Building 450
Dayton, Ohio 45433 1

Defense Metals Information Center
Battelle Memorial Institute
505 King Avenue
Columbus, Ohio 43201 1

Defense Ceramics Information Center
-~~~ Battelle Memorial Institute

505 King Avenue
Columbus , Ohio 43201 1

Army Electronics Command
Evans Signal Laboratory
Solid State Devices Branch
d o  Senior Navy Liaison Officer
Fort Monmouth , New Jersey 07703 1

Commanding General
Department of the Army
Frankford Arsenal
Phi ladelphia , Pennsylvania 19137

Attn: ORDBA— 1320, 64—4 1

Executive Director
Materials Advisory Board
National Academy of Sciences
2101 Constitution Avenue, N.W.
Washington , D.C . 20418 1

J

— - - - - 
‘ 5 —- -- -.•  

- -— - — 
—



~ - - .- -—- - - - --.-,—- --..--—-- -—-.— -

No. of
Address Copies

NASA Headquarters
Code RRM
Washin gton , D.C. 20546 1

AFMIJMX
Wright-Patterson AFB, Ohio 45433 1.

Advanced Research Projects Agency
1400 Wilson Boulevard
Arlington, Virginia 22209

Attn : Director , Materials Sciences 1

HQDA (DARD-ARS-P/Dr . J. Bryant)
Washington, D.C. 20310 1

Department of Interior
Science and Engineering Advisor
Bureau of Mines
Washin gton , D.C. 20240 1

National Aeronautics & Space Adm.
Librarian
Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135 1

Naval Missile Center
Materials Consultant
Code 3312—1
Point Mugu, California 93041 1

Commanding Officer
Naval Weapons Center Corona Labs.
Corona, California 91720 1

Commander
Naval Air Test Center
Weapons Systems Test Division
Code O1A
Patuxent River, Maryland 20670 1

Director
Ordnance Research Laboratory
P .O. Box 30
State College , Pennsylvania 16801 1

Commander
Nava l Undersea Warfare Center
271 Catalina Boulevard
San Diego, California 92152 1 —

-. 44



‘1~

No. of
Address Copies

Director
Applied Physics Laboratory
Johns Hopkins University
8621 Georgia Avenue
Silver Spring, Maryland 20901 1

Director Applied Physics Laboratory
University of Washington
1013 Northeast Fortieth Street
Seattle , Washington 98105 1

Materials Sciences Group
Code Sl30.1
Navy Electronics Laboratory
271 Catalina Boulevard
San Diego , California 92152 1

C~~mnanding Officer
Naval Ships R&D Center
Washington , D .C. 20007

Attn : Code 747 1

Materials Sciences Corporation
Blue Bell Office Campus
1777 Walton Road
Blue Bell, Pennsylvania 19422 1

Mr. Richard J ’. Janowiecki
Monsanto Research Corporation
Dayton Laborato ry
1515 Nicholas Road
Dayton , Ohio 45407 1

k

I

~~

J



- ~~~~~~~~~~ - - - _~~~ -~~~~~~ - ,  
-
~~~~ 

--_--
- ---— ‘~~~~~~— -——-— - --- ~~- —-- - —w __ -

~~~~~~~~~~

SUPPLEMENTARY DISTRIBUTI ON LIST

Address

Professor G. S. Ansell
Rensselaer Polytechnic Institute
Dept. of Metallurgical Engineering
Troy , New York 12181

Professor H. D. Brody
University of Pittsburgh
School of Engineering
Pittsburgh , Pennsylvania 15213

Professor J. B. Cohen
Northwestern University
Dept. of Material Sciences
Evanston, Illinois 60201

Professor M. Cohen
Massachusetts Institute of

Technology
Department of Metallurgy
Cambridge, Massachusetts 02100

Professor B. C. Giessen
Northeastern University
Department of Chemistry
Boston , Massachusetts 02115

Dr. G. T. Hahn
Battelle Memorial Institute
Department of Metallurgy
505 King Avenue
Columbus, Ohio 43201

Professor R. W. Heckel
Carnegie-Mellon University
Schenley Park
Pittsburgh, Pennsylvania 15213

Professor R. F. Hehemann
Case Western Reserve University
Dept. of Metallurgy & Matis. Sci.
Cleveland, Ohio 44106

Professor G. Judd
• Rensselaer Polytech Institute

Dept. of Materials Engineering
Troy , New York 12181

Professor A. Lawley
Drexel University
Dept. of Metallurgical Engr.
Philadelphia, Pennsylvania 19104

~

-

~

--

~

- -- - — -  - —- - -~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~~
— 

~~~~~~~~~



~

Address

Professor R. Maddin
University of Pennsylvania
School of Metallurgical Engr.
Philadelphia , Pennsylvania 19105

Professor J. W. Morris, Jr.
University of California
College of Engineering
Berkeley , California 94720

Professor R. M. Rose
Massachusetts Institute of

Technology
Department of Metallurgy
Cambridge , Massachusetts 02100

Professor 0. D. Sherby
Stanford University
Materials Sciences Department
Stanford , California 94300

Professor J. Shyne
Stanford University

- - Materials Sciences Department
- .~ Stanford , California 94300

Professor N. S. Stoloff
Rensselaer Polytechnic Institute
School of Engineering
Troy , New York 12181

Dr. E. R. Thompson
United Aircraft Res. Laboratories
400 Main Street
East Hartford, Connecticut 06108

Professor David Turnbull
- Harvard University

• Division of Engineering and
Applied Physics

Cambridge, Massachusetts 02100

Professor H. G. F. Wilsdorf
University of Virginia

-~~ Department of Materials Science
Charlottesville, Virginia 22903

D~. J. C. WilliamsRockwell International
Science Center
P.O. Box 1085
Thousand Oaks , California 91360

Dr. C. S. Kortovich
TRW, Inc.
23555 Euclid Avenue
Cleveland , Ohio 44117

- -~~~ -



- ---.--.- - ~~~~~~~~~~~~ ~~~~~~~~~~~~ - - - 

‘~~“.~~—‘- —~~~~~-~~ —--‘ —----—-_.- -.--.- --.---.- .,,- .-— - --

Address

Professor D. A. Koss
Michigan Technological University
College of Engineering
Houghton , Michigan 49931

Dr. E. A. Starke, Jr.
Georgia Institute of Technology
School of Chemical Engineering

— Atlanta , Georgia 30332

Dr. W. A. Spitzig
U.S. Steel Corporation
Research Laboratory
Monroeville , Pennsylvania 15146

Dr. M. A. Wright
University of Tennessee
Space Institute

— Department of Metallurgical Engr.
Tullahoma , Tennessee 3738 8

Dr. L. Leonard
The Franklin Institute Research Labs
The Benjamin Franklin Parkway
Philade lphia , Pennsylvania 19103

Professor L. E. Murr
New Mexico Institute of

Mining and Tech.
Metallurgical Engineering
Socorro, New Mexico 87801

Dr. G. H. Meier
University of Pittsburgh
Dept. of Metallurgical and

Materials Engineering
Pittsburgh , Pennsylvania 15213

Dr. J. R. Low, Jr.
Carnegie-Mellon University
Metals Research Laboratory
Schenley Park
Pittsburgh , Pennsylvania 15213

Professor H. K. Birnbaum
University of Illinois
Department of Metallurgy
Urbana , Illinois 61801

Dr. F. E. Wang
Naval Ordnance Laboratoryr Physics Laboratory
White Oak
Silver Spring , Maryland 20910

~~~~~~~~~ a - a e .


