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NATIONAL ACADEMY OF SCIENCES—
NATIONAL RESEARCH COUNCIL

The National Academy of Sciences—National Research Council is a private,
nonprofit urganization of scientists, dedicated to the furtherance of scienre and to its
use for the general welfare.

The Academy itself was established in 1863 under a Congressional charter signed
by President Lincoln. Empowered to provide for al' activities appropriate Lo academies
of science, it was also required by its charter to act as an adviser to the Federa!
Government in scientific matters. This provision accounts fur the close ties ti.at have
always existed between the Academy and the Government, although the Academy is
not a governmental agency.

The National Research Council was established by the Academy in 1916, at the
request of President Wilson, to enable scientists generally to associate their efforts
with those of the limited membership of the Academy in service to the nation, to
society, and to science at home and abroad. Members of the.National Research Council
receive their. appointments from the President of the Academy. They include repre-
sentatives nominated by the major acientific and technical societies, representatives uf
the Federal Government, and a number of membsrs-at-large. In addition, several
thousand scientists and engineers take part in the activities of the Research Counci!
through membership on its various boards and committees.

Receiving funds from both public and private sources, by contributions, grant, or
contract, the Academy and its Research Council thus work to stimulate research and
its applications, to survey the broad possibilities of science, to promote effective utiliza-
tion of the scientific and technical resources of the countiy, to serve the Government,
and to further the general interests of science.

B

MATERIALS ADVISORY BOARD

The Materials Advisory Board is a part of the Division of Engineering and
Industrin] Research of the Academy-Rexcarch Council. 1t was organized in 1931 under
the nume of the Metallurgical Advizory Board, with assignments from the then existing
Research and Development Board of the Department of Defense, At that time, the
Research and Development Board requested the Board to acceept tasks covering a broad
speetrim of metallurgical acience and technology as related t the Armed Services, and
to inciude certain other areas such ax colicetion ang dissemination of information, and
ecooperadon with professional socicties in publication of agnificant metallurgical data.

Since the onranizatum date, the above scope hax heen expanded to inelude organice
and inorganic nonmetallic matervials, and the name hax been changed to the Materials
Advisory Board. Concurrently, the Roard's membership, «taff, and operations have
heen adiusted to encompasx the preater diversity of matevials and to concentrate on
materials rescarch and development, excluding other aetivities exeept to the extent that
they support and strengthen the Board’s fulfillment of it< primary responsibility,

The Office of the Director of Defense Resenreh and Enginecrving, Office of the
Seerctary of Defense, s the government ageney which now requests speetfic eonsulting
und advisory services undey this broadened progeam. Under a contract Litween the
Office of the Sceretary of Defense and the National Academy of Poienees, the Board's
assignment is:

.ot the written request of the Diveetor of Defense Research and Engineering,

or his designatad representative, to condaet studiex, ausveys, make cnitical analvacs,

and prepave and frnsh tn the Director of Defense Resenreh and Engines ving
advisory and technical 1eports, with respect ta the entave field of mat-nals research,
including the planming phases thereof ;) and shall, in addition, porform such other
services as may be agreed upon in writing, from time ta time, by the Beetor of

Defense Researeh and Engincerving and the President of the Contractor,

“Tusk wsxignments under this cantract will be as mutoally agoead by the
Irector of Defense Research and eimgineering or Yis dosyenated representative and
the Contraetsr. Recommendatione for tasks may be proposed to the Direetor of
Defense Woscarch and Fngineerng by agencies of the Mihtasy Depantm nts, th,
MYire nf-the Noetaey of Peferse, or the Contractor,”

Best Available Copy
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2101 comsritvTION AVENVE, N W

Wasameren 'S, D (.

NATIONAL ACADEMY OF SCIENCES
NATIONAL. RESEARCH COUNCI.

MATERIALS ADVISORY HOARD
L]
DIVISION OF ENGINELRING AND INDUSTRIAL RESZARCH

August 1, 1962

OFFICRS
1159 16 sTeRar. B »

Dear Sir:

1 am forvarding herevith the report entitled
‘Report of Berylllium Committee,” which has been sub-
mitted through the National Academy of Sciences-National
Research Council to the Director of Defense Research and
Engineering. This creport has been reviewed by the Beryl-
livm Cosmittee and by individual members of the Matartials
Advisory Board who have competence in the field.

In accordsnce with an agreement with the Office
of the Director of Defense Research and Engireering, this
report is being distributed on the same date 1. is being
trarsaitted to the Departmgnt >f Defense. Therefore, as
of this date, 1t has not been reviewed by the Office of
the Director of Defense Resrarch and Engineering.

Very truly yours,

CAMm X

C. S. Msrvel, Chatruan
Bateriain Advisory Boaid

Enclosure
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vithout prior approval of the contracting
agency.
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Office of the Director of Defense Research
and Engineering under ARPA Contract SD-118
between the Department of Defense and Lhe
National Academy of Sciences.
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RERYLLIW
THE_PRORLEM

Beryllius has a potential for very large pay-off in the performance of
serospace vehicles. This possibility was discussed in & number of srticles dur-
ing the late 1950's, and was the subject of an MAB report (MAB-129-M, June 25,
1958). Nevertheless, the utilization of beryllium has continued to ressin at &
modest ievel. The questio. “-ing asked is vhatber the Department of Dsfensve
can take action to sccelerate the applications of bderyllium and thus resp some
of the promised bemefits. A second consideration is that the typas of berylliue
ore presently utilised occur in local deposits of limited size, snd nearly al}
such ore is imported. For this resscn, unususl increases in demand should bde
sut.cipated {n time to permit supply to ~p pacs. Especially significent in
this regard are axperiments nov being intensively pursued looking to the utiliza-
tion of beryllium powder as an additive to solid rocket propellants.

RECOGNIZED DIFPICATIES

Qost. The high cost of deryllium has limited and will continue to limft
spplications. The cost - ' the will product . Mhigh ielative to wore common
setale. and the cost of & .eryliium part tands to be high also bdecsuse of the
intractability of the metsl compared to room teaperature ductile alloys, such
as aluminu, and the need to provide speciaslized hygienic precautions detause
of the problem of tomfcity.

Hith sheet selling tn <he $200-3350 ruuge, it 18 obvicus that the possti-
bility of use of deryliium in convantional afrcraft {s no better than margimal.
Use of such an expennive material, hovever, con be fully justified on satellitas

and uppar stages of missilcs. There ts pa claar-cut ansvor as to the direction

CONMIDENTIAL
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that prices would take upon an increase in production. Cperating economies could
be offset to a degree by the possibly iacreased cost of ore, which would result
from utilizing lower grade deposits. 1In any case, it is not expected that the
cost of beryllium or beryllium mill products will change very substantially, eand
certainly will never approach the price of metals like iluninun and steel. The
cost barrier exists also for baryllium powder as an additive to propellants.
Theoretical and experimental studies have shown that the specific impulse of
propellants could be improved apprecizbly by substituting beryllium for aluminum
powder now commonly added. This substitution (at a beryllium cost of about $80
a pound) would result in a propellant cost of about $12.00 compared with the '
present 50 cents. In this arbitrary example, 15% of Be is assumed compared to
20% Al, nevertheless resulting in a propellant with a higher specific impulse.
Availebility. Thc delicate balance between supply and demand of beryllium
ore was studied in some detail in the MAB report previously mentioned. Since
that time, non-beryl deposits are being exploited. While production from this
source is low, such United 3tates deposits will tend to stabilize the price of
imported beryl. The ease with which supplies have been made available to meet
the demands of rhe past few years indicates that for production of the present
order of magnitude, supply will pose no particular probiau. ?urthcrnorc. there
are no specific ‘ndications that there will be unusually large requirements for
beryllium for structural or nuclear uses. In addition, the two producers are
now operating at a rate of 25-35% of capacity. The only concern as to supply is
due to propellant applications. Hundreds of pounds of beryllium can be used in

a single motor, and if{ such usc became pravalent within a brief time span, a

shortage of supply might ensue. Information supplied by DcfcchNh BgNfo.‘l‘_
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Center and Solid Propellent Informstion Agency had indicated that, while consider-
able attention is being given to this possibility, there 1is no military system
committed to the use of beryllium as fuel. (Although it is being used in the
fourth stage NASA Blue Scout, and in experir -~tal Air Force firings.) The fuel
application picture i3 a very fluid one, and s rapid sving to such utilizstion
is concsivable. Nevertheless, widespread use had not materislized at the time
of this writing (mid-1962). Lxplorations on the use of berylliva in fuels are
largaly at the resesrch phase, with development only starting. Therefore, the
necessary time (of the order of two years) presumably will be availadle to take
action on incressing supply if such actioan is indicated. A further corollary is
indicated. This is, that designers should not hesitate to use beryllium because
of the belief that the metal is in very limited supply, vhen ir fact, present
supply far exceeds demand.

Going beyond the avsilability of the -.e, a sajor problem exists with regard
to availability in the desired finished forms. Principal airframe interest {s in
sheet. While this is for sale commarcially, essontially on a special order basis,
production has been too smsll to parmit the use of optimm equipment and to de-
velop well-trained crews. Therefore thare tends to be sowe variability in quality.
To be considered for use in aircraft, a comprenensive list of physical and me-
chanical properties must be available, and these must define the properties vhich
will be present in the mill product to be delivered later.

Concerning powder for fuel usa, an entirely new production process may be
nesded., Present experiments are run on a fine-particle portion of a pure lot of
powder prepared in the usual manner. Such a procedure is unaconomic when large

quantities are i1nvolved. The producers are nov exploring on the laboratory lavel
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nev production procedures (tc yield a pure, vphecical, fine-particle product), or
alterations in conventional production to enhance the yleld of fine grain fractioms.
No such methods are now being used commercially, so far as is knowm.

Quctility. Thc brittleness of teryllium has long been a serious detereat to
the structural use of the metal. This problea is now comsonly recognized, ard ie
also much detter understood. MNany uses for beryllium of anisotropic ductility
are possible if beryllium's peculiarities are recogaired during design.

During the past year, high ductility oa the basal plares of highly retined
single crystals was demonstrated. Tarough purification, cthe glide on prism planes
also improved, but to a smaller degrea. However, translation of such improvemsate
to polyc: a. ne metal will probably be difficult.

The awount and kind of ductility required in a struzturs is not well under-
stood. DBecause of cxpense and press of achedules, there has not been extensive
experimental and prototype work.

Joxicity. The toxicity of beryllium is nov well vecognized, and means for
coping with {t are well understood. Installation of sophisticated ventilation
faci1li~i1es and other control mcasures are required, vhich, in effect, adds to the
cost of the final product. The problem has the result of tending to eliminate
eaploveent of beryllium in factlities which would have only a ssali utre for tae
wetal, which would not juatify installatien of expensive contr-l measures.

The tox{c products of combustior tend to liatt the use of beryliiue in fucl
to upper steges in missfle systems, and even then some hazard s present /due to

ground testing of these upper stages. for example).

~ONHDENTIAL
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EINPINGS

A meeting of the Committee on Beryllium (3ee Appendix i) was held in April
1962. A comprehensive survey of the research and development involving the metal
vas presented by representatives from the Dc nca Metals Information Center and
the S0lid Propellant Information Agency. Additional couments were made by lisison
mebers from ths Scrvices, National Aeronautics and Space Admiuistration, and the
Atom’c Energy Commission. The presentations by the Defense Metals Information
Center, the Solid Propellant Information Agency, and Naticnul Aerocautics snd
Space Administration are appended tc this report {Appendices II, Iil, and iv).

The relatively low level of cffort of research at the Acomic Snergy Coa-
uission has declined even farthar. A rather substantial amount of work on Be0,
however, is being carried on.

Cooment was made by the Army representative that a research plan has been
prepared, and that operation of a new fac..ity for nuclear end other hazardous
metals is expected to be operational by the end of summer. Contracted research
will follow later.

The principal interest of the National Asronsutics and 3pace Administration
was outlined by Mr. J. U, Diedrich of the L/wie Laboratory in a prepared talk
(Appendix IV). This intarzst derives from the favorable properti2s of teryllium
as & "meteor bumper' over radiator and simflar tubing of space power systems.
3uch an application could employ thousends of pounda of beryllium per 10-kilowatt
system,

Jiscussion quicrkly established that the problems c¢f ore supply and structural

ut{lization were relativoly unchanged compaied to & few yearn :go, and reasocadbly

well understood. Mojor attention was given to the spplication of deryllium powier
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in propellants. The technical feasibility of such use has already been demon-
strated. In addition to the major consideration of toxicity, the axtent of
application in the near future will depend largely on the developmeat of meathods
of making fine-particle powder at a cost which is not orohibitive. The question
of powder production capacity {s one which bears watching, as it might constitute,
for a time, the limiting factor.

Some discussion pointed up the need for improving the quality of commercial
bery)lium _heet, and the demonstration of design and fsbrication problems by the
construction of structural elements.

CONCLUSJONS

1. The supply oi oeryllium or: is adequate for forcsceable requirements.
With the two major producers operating at less than one-third capacity, a short-
age uf metal is unlikely. Potential users should not hesitate to incorporate
beryllivm because of a questio. of aveilability. A trend to use beryllium as a
propeliant additive has b un, but such uses are not expected to upset the markat
for at least the nex: few ycaa.

2. The use cof berrllium in propellants can be expected to increase, despite
the cos® and health hazards invulved. There is no single system waking such use
extensively, and thore are no know plans to incorporate beryliium in a major
missile system. To the dezree that this can bde forecast, Lt appears that ! :cre
viil be time to expand ore supply in order for production to keep pace wiia added
usage, Lf that proves to be called for. If substantial quantities of powder for
fuel are called for suddenly in the near fature, the puwder prepar.<ion stap

would probably constitute the hotcleneck.
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3. In most cases cost, rather than ductility or toxicity, is the mejor factor

-7-

limiting more widespread uvse of beryllium,

4. The Atomic Energy Cosmission has a continuing interest in the immediate
spplications of beryllium to nuclear reac ‘s, but fores2es no importent immediste
use. However, a continuing effort in basic beryllium studies, such as purification
and {irradiation effects, is envisioned. Atomic Bnexgy Commission wetal require-
ments over the next several years can be met f.om existing plant capacity and on a
straight commercial basis; no metal producticn contracts are anticipated. Al-
though the Atomic Energy Commission has histo. cally provided extansive support to
the berylliua fndustry, this support has lessened to & puint where the beryllium
industry has now come to raly on the military services.

RECOMMENDATIONS

1. The presently used specifications for powder for fuel additives are
questioned as being possibly unnecessarily stringent. Fine particles burm more
readily, but as the particle size decreases the oxide conteat rises. Production
of very fine riza powder low in oxygen can be quite expensive. In addition,
beryllium i# 1 verntive 2lement and may interact with the propellsnt unless
protectsd, s virh the naturally occuring -urfece oxide. More performsnce data
should be rhteined. and compared with price quotations on powders of various
particle 27729 and oxide mzvima to arrive at optimum valucs.

2. ilcst evnariments with beryllium additi.ns to rocket fuel employ unalloyed
wetal powder. Other development programs beyond one known at the Naval Ordnance
Test 5tation at China Lake should be i{nstitut. to {nvestigate alloy powders of
beryllium "nd othar reactive metals, such as aluminum, zirconium, and magnesium,

It may be possible to find a composition, which, compared with pure berylii..,

CONFIDENTIAL
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will have improved bulk density, particle sise, and oxide content. The use of
beryllium additives in forms other than powder (foil or wire, ss exanples)
should also be investigated as a means of incorporating the desired reactivity
and also adding to the strength of the solid propellant aggregate.

3. 1In viev of the possible impact of fuel use of beryllium on demand for
the ore, closs liaison between the Services and the Bureau of Mines is recom-
mended.

4. One reason for the lag in use of structursl beryliium is the long lead-
tine required to cbtain many mill products. Additionally, the available mill
products tend not to be of high sircraft standards of uniformity. This committas,
over the years, has consistently refused to endorse a sheet rolling program {f
such a program consisted largely of the weze production of fixed quantity of
sheet of certain sizes. The time is drawing near, havaever, when enough will be
known about the matal that consideratior can be given to sheet rolling develop-

ment in which the important variables, such as billet quality, amount of hot and

cold work, finishing procedures, etc. , can be optimized. It is clearly important

that when this point is reachad, effort should also be expended to determine the
physical and mechanical properties of metal so produced, to facilitate the
incoiporation of beryllium by desiguers.

S. Beryllium is not yet developed sufficiently to permit sxtensive air-
frame application, but the construction and testing of small componants at this
tims would reduce the total develcpmant time for beryllium aerospace structures
by indicating more specifically those chaiacteristics of the material which need
improvenent, #nd thoss which do not. =uch work would also encouraga the develop-

ment ~f designs which accommodate the lack of ductility of the material, a
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Gecessary step since present indications are the customary setallic aquctility
will probably never be achieved, at leas .10 in o relatively short time. A
program such as the above will also facilitate the development of fabrication
techniques for this material.

6. The committes has Proven useful in the past fn keeping the participents
informed of work in Progress and applicational requirements; through these
aembers their respective organizations are apprised of these matters. Future
use of the committee should be to uct as a forum for the discussion of present
activities and to exchange viows On promising activities for the future. Ad-

ditional meetings will be scheduled at 6 to 12 wonth intervals as the need arises.

CONFIDENTIAL
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CONFIDENTIAL APPENDIX 1
BERYLLIUM COMMITTEE

Chairmen: nr. Earl T. Hayes®
Chief Metallurgist
Bureau of Mines
Washington 25, D.C.

Members

Mr. John M. Siergiej Mr. George J. Wile

Director of Industrial Research Hanager, Metallurgical Engineering
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Mr. S.V. Arnold

Associate Director
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Hatertow, Massachusetts

Mr. Richard Schaidt
Buresu of Naval Weapons
2196 v Building
Department of the Navy
Uashington 25, D.C.

Alr Force: Nr. 1. Perlmutter
Ccde ASRCMP
Chief, Physical Metallurgy Branch
Mctals & Ceramics Laboratory
lirectorate of Materials & Processes
Acronsutfcal Systems Divis{un
tright-Patterson AF Base, Ohjo

tomi Mr. J.C. Conner
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Cosaission Diviston of Reactor Deveiopment
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(Special Assistant fu: iwtertals, ({fice of the Director
of Defensa Research & ingineering) Mey o4&, 1962
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APPENDIX II

SUMMARY OF GOVERNMENT-SPONSORED RESEARCH AND
DEVELOPMENT PROGRAMS ON BERYLLIUM

August 15, 1962

by

R. J. Runck, £. W. Cevwthorne, G. W. Cunniugham
S. W. Porembke, R. J. Lund, and A. Levy

DEFENSE METZIS INFORMATION CENTER
Batlelle Memurial Institurte
Columbas |, Ohto
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BUMMARY OF GOVERNMENT-SPONSORED RESEARCE AND .
DEVELOPMENT PROGRAMS ON BERYLLIUM |
August 15, 1962

SUMMARY

Beryllium as a structural metal has received considerable atteation
by the Department of Defense during the past four yeurs because of ita
potential usefulness in military systems. The principal {non-nuclear)
propsrtiss of beryllium thet account for interest by tie Department of
Defense are high stiffness (high wodulus of elasticity), high heat capacity,
and high chemical energy, all outstandingly high ralative to its lov density.

The principal factors that appear to aeter the use of beryllium
are high cost and fear of toxicity. Additional deterreats to the use of
berylliua as & structural material are lack of ductility and lack of
avallability of desired forms (long leud time).

Pacauce °f the high hemt cupasity nar untt veioht herylltum heg
been useful as a heat aink in asroepace systems. Huwever, in re-entry bodies,
beryllium bas nov been largely replaced by ablative plastics.

Berylliua continues Lo be of interest as a structural material.
While significant advances bave been mude in the pest iwo yeurs in producing
beryllium mill products vwith optisum scchanical properties, the relatively
low ductility of thewe products and the absence of ductility in welds still leeve
much to be desired. Designers are, of cuurse, being pressed to 4evelop new
concepte which vill utilize materinls of lov ductility. Howvever, s gap still
exists belveen the avallable and dosired pripertics in beryllium, which

accountes for reiuctance to usec the mrtal {a aumercvus w&QNf l&iN-IiN
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CONF'M mu‘ch prograns to develop beryllium for structural

applications vere directed primarily towsid fabrication tachaiques to obtain
high st wgth and reuﬁ as much ductility es possible in commercial gredes
of material. Initially, only moderats efforts were made to produce high-
purity metal. It was not only difficult to make high-purity metal, but the
efforts to 4o 40 were also plagued by lack of suitable analytical techniques
to detcraine the degree of purity obtained.

Programs on fabrication of commercial grades of beryllium have
been coatinued and methods of obtaining the optimum properties of this
material have been fairly well established. Recent research programs,
however, nov emphasize the developament of high~purity forms of the metal,
although these programs have not yet established wvhether or not tie high-
purity metal vill be more ductile or bave better properties than commercial
grades Of metal.

Programs ou welding bave improved the noosistency of obtaining good
Jointa, but the lack of consistency in properties of joints still leaves
much %o be desired, apd wells are ctill rittle. Mcgt programs oa leining
have been terminated wvith tie exception of a last look at elsctron-beanm
velding.

Becauss of its high chemical encrgy, beryllium is potentially

useful in rocket fusls. This potential bas been recognised fur several
years, but recently s sharp increuse in i{nterest in the use of berylliua
metal powder in snlid rocket propellants has occurred. Calculations bave
beed mide OI Lhe gains in specific tmpulec available by substituting
beryliium setai powder fur aluminus in presently used propellant formula-

tions. Rxper’amntal progrems are nov under way to vertfy the calculated
TNFEIDENTIAL
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edvantages. If beryllium-containing propecllants are introduced into major
military systems, a special grade of powder in very large quantities will
be required.

i Beryllium metal powder, however, does not offer as much potentisl
increase in the specific impulse of rocket propellants as beryllium hydride.
Consequently, numerous programs are alco under wvay to develop the hydride
for possible use in more advanced propellants.

The application of beryllium in nuclear reactors is still of majcr
interest, but ﬂ:; oxide rather than the metal appears to have the greatest
potential. The use of beryllium metal in gas-cooled reactors, which wvas
vieved with optimism a few years ugo, has been deferred because cf the
unpredictable corrosion resistance of beryllium to COp coolant gases and the
undesirable combined effect of high creep at high temperatures and low ductility
at room temperatures.

In contrast with the outlook four years ago, beryllium resources
nov appear to be sufficient to mee® potential military requireaments. The
develupmenl of beryllium resources, potential appliications for berylliunm,
and costs ‘are closely interrelated, however. Ber,v;n.iun is nov manufactured
principally from imported beryl even though large reserves of beryllium-
bearing ores have been identified on the North American Continent in recent
years. .'l'he development of facilities to process these reserves, however,
avaits an assured market. The develop-ént of a larger Jdemand for beryllium
(particularly ae & structural material) is in turn deterred by high cost. It
is hoped by the beryllium industry that the use of beryllium in rocket
propellants will cfut.o the demand to break the present cost-demand dead-

lock. CONFIDENTIAL



16~

CONFII?E‘I’.‘IT‘I“AL

t the potential applicaticans for boryuh.-. fear of
toxicity continues to be an overridins objection to its use. Toxicity
of beryllium, while real, haa had more than its share of publicity.
Procedures for the safe handling of beryllium have been developed and
the material can be used safely. The most troublesome factor related to
the toxocity of bderyllium ie the fact that there are several maladies
vhich have symptoms similar to those caused by exposure to beryllium.

In victims exposed to beryllium, it is not possible to prove that such
sysptoms, vhen they occur, we oot caused by dberylliium. Government-
spoascred research oo beryllium is being continued not oaly to study the
nature of b‘tym\- toxicity cut also to determine safe maximum levels

of exposure t0 variocus beryllium cospounds.

JROPUTION

This summary of programs on beryllium was prepared at the reguest
of the Department of Defenge, for use by the Committee on Beryllitum of the
Maoarials AAVIaSry Dvauu.

The vork summarized and the programs listed represent primerily
those on beryllium metal Wbich are supported dy Governmeat funds. Included
also, however, 19 some {nformmtion on vork supported by industrisl fueds,
sume infarmation sboul wvawk 08 beryllium being done under systems mojects,
and aico some inaformmtion on s;plications of ponmmtallic forme of deryllium.
DIGT fa oot in & positicn, Lowver, tu obtalh a cougiebansive collection of

taformation frim these latter gouarcce.

CONFIDENTIAL
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CONFIDENTIAL
RESOURCES

The situation with respect to beryllium ore resources has
changed quite substantially since the 1958 rcport of the MAB Panel on
Beryllium. In 1958, self-sufficiency in beryllium in the United States

wvas in doubt. Since that time, large deposits of bertrandite-bearing
tuffe have been discovered and explored in the Topar Mountain District near
Delta, Utuh; beryllium mineralirzation has been explored in the Mount
Wheeler, Nevada, fluorite-t. .:sten deposits; and drilling bas indicated

large reserves of beryllium in the unusual mineral barylite in the
Seal Lake, Labrador deposit. Other significant domestic and foreign
discoveries and developments have also occurred.

Total tonnage of ore (dctailed below) in the three new discoveries
named above amounts to around 8 million tons with a grade of 0.5% of Be0 or
better. This amounts to about 80 million pounds of BeO or almost 20 million
pounds of contained Be. The Topar Mountain deposit accounts for about half
of this. -

This comperes with estimates of U. 8. reserves of 8,800 tons of
beryl (2,460,000 pounds of BeO or 880,000 pounds of Be) in pegmatitic ores
containing 1% beryl (0.14% BeO) or better. Thus, the reserve picture for
the U. 8. alone has been boostud by a factor of about 18. It might be noted,
too, that these nev ore reserves have a puch higher grede cut-off point (0.5%
BeO, compared with 0.14% BeO), although it 1s not known how strictly comparsble
these two figures are.

Not included in any of the above figures are the additional sud-
stattial reserves of beryl-pollucite pegmatite at Bernic Lake, Manitoba,

CONFIDENTIAL
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Canada; or the huge reserves of disseminated beryl in the tin-spodumene
belt of Kings Mountuin, North Carolina. However, the Be content of the
latter 1is 80 lov (0.4 1b per ton of rock, or 0.02%) as to make its
economic recovery dependent on production of lithium and possibly other
co-products. Even so, the Be output would amount to only about 3 per

cent of the lithiua output. Thus, even though wvork continues on possible

methods of beryl recovery from Kings Mountain, the chance of this contributing

any major amount to futurc beryllium supplies is very alim.

Major recent interest hags been focused on the Topa: Mountain
demosits, and heavy expenditures have been m:ie in drilling these ani
in developing methods for extracting the contained beryllium. Eccnomics of
concentrating technigues have not y=t been proved. But reliable reports
from cospanies that have been active in this work indicate that products
such as beryllium oxide, hydroxide, or powiered metal can definitely be
produced at costs comparable vith those prevailing nov for these products

as obtajned from imported veryl. Md 1962 prices for these various products

are as follows:

Bguivalent
Per Pound of
Eer Poung fontained Pe
Hand-cobbed beryl (10-12% BeO) $.20 $h.60
Bed Powder
High purity ﬁkoo P18 Bothllic fxpurities) 81525 LIS
Allcy grade (98.%99% Be0) $ 8.2 302, 50-28
a.(m)e (434 of &0. oxide price) $1.60 $55.%0
Be Puvdered Metal $56-50 $54=50

CONFIDENT!
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Furthermore, knowledgecable parties activé in vork on beryllium
extraction from the Topaz Mountain ores estimate that with expanded opers~
tiong——say upﬁo.rds of one million pounds of Be anually-=price of oxide

equivalent to alloy grade could be lowered to less than $5 per pound, and

S

that for wmetal powder to around $30 per pound.

These reports and opinionc of responsible parties active in re-
searching the Topaz Mountain deposits appcur reliable and reasonable.

The U. S. Bureau of Mines is continuing to support a search for

‘ beryllium-containing ores in the United States.(6' 1,8,9,10) Exphasis
has been placed on new and non-pegmatitic sources.
| _ The following is & breakdown of the beryllium reserves based on

type of deposit:

Bery) pegmatiteg

| New England, S.D., Colo., Idaho, Név., N. N.
' ’ 8600 tons of beryl
440 tons of Be (over 1% beryl, 0.14% BeO)

Diggeminated beryl in pepmatites

N.C. tin-spodumene belt only
823,000 tons of beryl
41,000 tons of Be (0.4% beryl, .056% BeO)

Beryl pegmatite

Boa Vista, Brazil
350,000 tons of beryl
E av. 3% beryl

Beryl-pollucite pemmatite (a U,8, source)

Bernic Lake, Manitoba, Canada
600,000 tons of ore (now one million ‘ons)
av. 0.21% BeO

CONFIDENTIAL
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Bertrondite-tearing greigen depaaita

Lake George urea, Colorado
Large reserver, not established
Aagay data variable

Bertrandite-bearing tuff
Topaz Mcuntain area, Utah

4,500,0(0 tone of ore (probably)
av. 0.5, BeO

Buenacite-berwrandite=fiucrite-tungstua abhoots
Mt. Whecler urea, Nev.

approxinitely 90,000 tons of ore
av. 0.5 BeO or better

Brimary bertrandite with fluorite in lMmestone (potentdal U, §. gource)
Aguachile, Mextico

Large rescrves not yet estimsted
av. 0.27% BeO

Helyite-bearing skarn

Iron Mt. ares, N. N.
Data not immediately available

Clark Count;, Nev.

Nov discuvery
ecst. TOOO tans of BeO

barylite in zotsmorpbic complex (poteatial U, S, source)
Seal lLake, Luborador

3,000,000 tons of ore {probably)
av. 0.5 Be0

dereficiation

Wors is being cuntinued by the Buresu of Mines 0o the extrection

of beryllius from ow-greic source uurul-.(" 3) Vork to improve thce

CONFIDENTIAL
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procedures for recovering beryl from the tailinge of processed spodumens
at Kings Mountain, North Carolina, is continuing. Hydrom:tallurgical
methods to produce pure beryllium sulte from various beryllium ores and
concentrates are being developed.(u)
Nev beneficiation processes have been, or are dbeing, designed
for fine-grained ore as follows:
Flotation:
(1) Van Dornick process
Ea Topaz Mountain bertrandite
b) Brazilian beryl
(2) USBM process, N. C. fine beryl
(3)"“USBM procees, Nev. phenacite, b;rtrandlte

Chemical processes bused on nrolubility of beryllium minerals
in gulfuric acid:

2) USBM procesc, Topaz Mt., Utah, bertrandite

3) Brush process, Topaz Mt., Utah, bertrandite

4) United Technical Industries process, Topaz Mt., Utah
bertrandite.

ls Vitro process, Topaz Mt., Utah, bertrandite

Also, the "Mincon" précesn, including thermic flotation, pelletiz-
ing, sintering, and chemical treatment——designed for the Lake
George, Colorado, bertrandite and beryl.

P}ivate beryllium activity:
L8, Beryllium Corp., with United Technicel Industrica

ore: Topuz Mt., Utah

treatment: sulfuric acid leach
product: 0

pregent capucity: unknown

propoged capacity: 50=-75 tons BeO/mo.

ore: Badger Flats. Loke George, Coloredo
treatment: flotu.l-a and chemical proceseinrg

product: 20% concentrates BeO

present cupucity: ? = at Loveland CONFIDENTIAL

proposed capacity: 100 tons of ore/day, flotation
concentrator, Badger Flate
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Berylllum Resources, Inc. (Prush Bervilium)

(project abandoned - 1)

ore: Topaz Mt., Utah

ticutment: Van Doraick flotation
produet: Y% concentrates

present capacity: wunknowm |
proposed cupucity: 250 tons ore/day

Ihe Anaconda Company

ore: Mt. Waghiniton, Nevada
treatment:  USEM flotation
product: 1%=20% concentrates
exploring for rescrves

Topaz Beryiliwn Co,, (Anuconda snd Topex Bervilium Joint Venturgs)

ore; Topaz Mt,, Utah
explering ror rescrves

Yitro Minerula Cerporation

ore: Topuz Nt., Utah
treutnent: chemical prucessing
product: ReO

proposed cupacity: 10 ton/day pllot plant
Baruyline Matals and Chemicads Corp, (Allovd and Lithium Corn)

ore: Kings Mt., N. C.

treateert:  flotation, chemical processing, and Pechinay
product: B¢, Bel concentiates

propused capucity: developmsat hlsat

Icots Xincrul Comaany

ore: Kinges Mt., N. C,
treatacnt: ULBM flotation
product:  heryl cuacentrates
proposed cupacity: 1

Gancral Doraiilie, 24P

cre: Tupaz Ku., Uwad
explouring fur rescrves

Evad Fachinery aol Chwaical Corparation

o s - vy .
e W avymba Lene, v.&h

expluring fur ruecerves

CONFIDENTIAL
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International Minerls and Chemical Corporstion

ore: Topaz Mt., Utah
exploring for rcserves

Relbi-Tavlor 01l Corporation

ore: Clark Co., Nevada
exploring for reserves

Berylliun Acsociates, Ing.

ore: Clark Cu., Nevada
exploring for reserves

fitandard Boryllium Corporation

ore: DBrrzil

treatment: Van Dornick flotatlon

product: 1% concentrates (estimated)

proposcd capucity: 2500 tons/year, concentrutes
Doy Chealcal Company

ore: Couhuila, Mexico

exploring for reserves

Belininz

The developmcnt 0f high-purity bLeryllimm {s cousidered important
for two reagons: (1) bigh-purity materiule are needed to study und evaluate
machunishs of flov and fracture and to determine mwchanical and physical
propurties, ani (2) maay vorkare bope that the uee of high-purity beryllium
vill esolve mmny of the prublems preventing the use of berylliium as an
ebgliucering mmterial.

The Alr Yurce hns tw prograna {n this ares; one at Xucleer Materials
and Equirment Corporatien for the preparution of pure beryllium metal by the

10d1de decompuaition mcthud (Duv cumpleted), wd ope st Buclear Metals for

CONFIDENTIAL
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for the preparation and cvaluation of pure beryllium made by distillation
tcchniquea.("'n Nuclecar Metuls 1s also working on zone refining techniques
for the AEC.(88) Frankiin Institute 1o preparing and evaluating hisn-purity
beryllium under Navy nponsoruhip.(eo) Zone refining of vacuum-cast, vacuum-
distilled and Pcchiney SR bars hus been ctudicd. This work is being con- '
tinued to study pluq?i_c_flqw and deformation of high=purity beryllium.
Distillation- and zone rcfining.tccmdqucs mwe produced high~purity metal,
but iodide decomposition has not been successful. |

The Burcau of Mines is conducting research on preparation of high-

purity beryllium by clectrochemlical processes in molten mcs.("‘" 5)
Yelting and Casting

Two programg concerning this area of. research have been identified.
The Beryllium Corporation hus conducted & gstudy of beryllium casting for
the Air Force.(32) The techniques developed relied on thermal gradients
within the mold to control dircctional solidification and eliminate centerline
shrinkage. Grain refining additions were also evaluated and the preoducts
extruded at 1850 F.

Electron-beam melting of beryllium along with a number of re-
fractory materials has becn investigated by the Mallory-Sharon Metals
(:ox:porn.t!.on.(38 ) In gencral, the quality of the electron-beam melted

material wus good but no improvemunt in tensile properties was noted.

Primayy Working

Thirteen progrums huve becn identified as related to the primaxy

working of beryllium. Nuclear Metals, Inc., is presently m NTI AL
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program concerning the prodixction and evaluation of distilled high-purity
beryllium for the Air Force.(hs) Thie effort is a portion of a renewal
of the major Air Force program coordinutcd by Nuclear Metals. It La
particularly noteworthy that Joining studies have been discontinued in
the renewed rescarch effort and the remnining subcontracts are devoted to
fiow and fracture, structures, and finc-grained powder materials. .It is
apparent tf.hat 'll'.he_mpyer-ull program is directed toward a more basic uidexh
standing of berylliw. sictal and the effects of impurities.

The Beryllium Corporation has conducted an investigeation for
the Air Force on the development of techniques for producing structural
ahapea.‘35 ) Oxide content of the final product was of major interest,
gince it was related to the tensile properties of beryllium.

The Brush Beryllium Corporation is currently studying the rolling of
inmproved beryllium gheet in an Air Force-sgponsored progran.(37) The
investigations are aimed at producing isotropic ductility in the sheet
material. The third dimcnsional ductility of commercial cross-rolled
veryllium sheet was 0.55%. Average biaxial ductility of 0.93% was
obtained by unnealing at 2020 F for one hour.

Another program at Brush Reryllium Corporation i- Jevoted to
procesging and fabrication techniques for promising intermetallic com-
poundn.(w) Beryllides with good high~terperature properties have been
screencd and the beryllides of niobium and tantalum were found particularly
attractive.

A detailed study of the forging of beryllium is beiug conducted
by the Ladish Company for the Air Force.(29) Tatis progrim hes involved
basic tox.'sina .st}glu‘es, ;acketed forgings, and more ummm‘.m:
the appropriate support members. The developmenta froa this program have
been successful in fabricating both shallovw and deep cavity items.
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program at the Brush Beryllium Corporstion com=
cerns the draving of fine beryllium vire.(™) Initially, QW matertal
vas cvaluated with considerable effort in die lubricants and die design.

A reccent extengion of this program involves the dreving of zone-refined
beryllium into polycrystalline vire.

Norair has conducted & atudy of extruding beryllium into structural
abapes for the Atr Porce.(30) g effort 1e directed tovard the develop-
ment of methnds for rroviding beryllium compoments for spacecraft. Of
particular interest vas the drewing of extrusions to thin uniform complex
shapes.

™he extrusion of deryllium by hydrogtatic pressure was investigated
by Buclear Mstals, Inc., in a program sponsored by the nc.(a") Attempts
to wse liquid lead were unsuccessful. In general, no adwantage im extrusioa
Pressure vas gained in this concept.

A wigque form of berylliux tubing vhich contaimed spirel fina
prompted the developmaat of several falrication msthods. In a contrect
with ARS, Conaral Muclear logineering Cwrpurailluva required this form of

beryllium (or their gas-cooled reactor M.(”)

A subcoatrect vith Sylveaie
Rlectric Products, Inc., comcermed fabricatiom of such tudimg by hot Leo0-

static pressing Of powders aad also Dyospak axtruson.(93) Bowh approsches

were found to yleld & product requiring a ainimm of sachiniag. PMbdricatios

of such tubing by verau sxtrusion vas studied by The Rrush Beryllium Corporetics
and vag found highly m«um.(”) The reactor project was suspeaded ia

mid 196); however, the waru extrusion progrem ves ocatisued under ABC

sponsarship.

CONBIDENTIAL
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An internsl program at the U, $. Naval Ordnance Laboratory comcerns
the properties of composites of derylliua vira snd epoxny rn!no.(”) Thie
progrem vill yield basic information on this eystem.

The Martia Company has condicted a pregram on ths evalvation of
structural boryluu.(“) The relacion of bend test propertice to various
ssems of febrication was established.

As a part of thc Gas=Cooled Reactor Progrem at Osk Ridge, beryllium
tubing fram various suppliers and ss-fabricated by different methods has

bosn eveluated, o4 Properties of such materfals to 700 C zc+ being compered.

Sec Vork

Pive comtractes involving secomdiry fabricarion of beryllive materiale
under sponscrship ot the Air Force have bcen {dentified, A program on theoretical
formability of shee: materials at Chance Vought has concerned dervilium fn
sddition to refractory metals and high-tewperature llloy'.“s) Minimua bend
radi{ for various thicknesses as a function of grain ori{entstion and metal
thickness law bLeen eateb!ished,

The feanibility of threading beryllium has deen cstablished by
the General Electric Company in a receat -tudy.())) Their effort concernsd
taternal thread evelustions and appropriate torque and tenetle tests,

Aeronce Menufacturing Corporation has (nvest{gated the preparstion
and brasing of curvad composite honevcomb struciures with beryllive ‘.“n...(SI)
1aternal honeycowbs constdered In thefr research wre Inconel and A-280, More
recently, sfrconis coatings for berylltum have been consfdeied in composite

ovolunlloac.(s’) This worh ls Jdivrected toward developing reinfotced load-

besring hesl shieius,

CONFilbe N TEA
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A program at The Brush Beryllivm Coqnny has concerned the

fabrication of shapes froa beryllide materials by mechanical working tech-
niqtll:s.(w) Plagtic deformation limits are being established by a
variety of fabrication methods.

Poder Metellurgy

Powder metallurgy rumming at present the major method of producing
beryllium components. Thus, even though there are fev projects which can be
considered as powder metallurgy projects, the use of powder techniques may
be assumed for a large nusber of projects listed in this report. The Naval
Bureau of Veapons has gponsored work at Armour Regcarch Poundauon(N) on
the development of ductilc beryliium composites. The technique investigated
coasists of liguid phase sintering in such a manner that beryllium powder
is encloged in a ductile skeleton of aluminum-silver alloys. On a NASA
purchage order, the Ascricen Machine aud Poundry Corporation has fabricated
. beryllium cosponsuts of dberyllium powder by plazma spraying followed dy iso-
| gatic pressing. The ALy Fwee is spungoring deveiopmant work on
baryllium powder at Vitro l.nbout.orxn.(-’b )

Jadalog

Rine contrects bave coacerned the wlding or brazing of bteryllium
componente. Wosk done on brazcd berylliua sandvich construction by Generel
Dynamice/Fort Worth va: repurted to Wie Afr Force oo e cootract to cospile
unpublished m.terials ;..;‘.r;.mua.("")

The drush berylilum Cospany hes (unducted a stugy of fuslon welding

48 & part of the Berylliua Munagement Progran coorainated "CMMAL
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Tnc.(7) In this investigation, particular emphasis vas placed on the effects

of post heating variables and impurities. Vacuum filler wire coatings vere
utilized and their effects on oubsequent weldments established. A portion
of an internal progru at Union Carbids Nuclear Company has involved the
fusion welding of beryllium also.(99)

Resistance welding of beryllium sheet {0.04O-inch thick) has been
investigated by Rensselaer for the Air Force.uq) Defect~free weldments
were achieved by using a 1500 1b forging force and a long post~heating cycle.
As a part of their same program, resictance brazing of 0.0U20-inch ghect was
briefly evaluatec_l using silver and a silver—-copper eutcctic alloy braze.

Forge welding has been investigated by The Brush Beryllium
Compeny in conjunction with the Beryllium Management Progrum.(*7) In thesr
effort, improvement of welded properties was sought through the refinement
of grain structure within the welds. Mechanical working by planishing and
a form of ring rolling were evaluated.

Pressure bonding of beryllium components in a beryllium-uranium
dioxide composite fucl piatve {s being investigated at Bntteno.(ge) This
program, being conducted for the 4ZC, has ylelded Ahigh integrity donding
of beryllium at 1550-1650 F and 10,000 psi. Optimun surface preparation
methods and barrier coatinga for U02 in this system were established.

Magnetic force welding of beryllium has been desonstrated by
General Electric, Hanford, in an AEC contract.(93) Basic techniques
developad for SAP n.loys wore uced to briefly examine the joining of
beryllium fuel rod end caps. The method was found highly succesaful.

CONFIDENTIAL
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"ONFM.H&-'; Ins., has conducted a atudy of ultrasonic velding of
beryllium. (an) This ocontract which wvas part of the Beryllium Management

Program comcerned the effect: of clamping force and pover an the weld
characteristics. It was coacluded that crack-free velds of high integrity

wvere poasible.

A program has been inftiated by the Hamilton Standard Divigiom,
United Afrcreft Corporation, to investigate slectron-beam wlding of
baryllii. for the Alr Fbrccf”) It 1s intended that hxsh-{rnltase equip-
msat vill be evaluated in joining 0.0hO-inch sheet material.

Brush Beryllium has completed a progrum oo the braxing of berylliua
18 conjunction vith the Beryllium Managemeut Progres.(*T) Tuis effort
primarily concerucd the development of a cilver brasiag technoloyy ani a
more detailed evaluat.on of the effects of poct~breging heat treawtmcnts.

The use of beryllium in brazing alloys for joining Zircaloy 2 has
been studied by Gencral Klectrie, luum.(ga) A srtuaium-base allioy
coataining 5 v/o berylliua bas beem established for producticn of the KPR
componcats.

In gemersl, the Joining of darylliua cosmponents bhas been approached
through evaluatios of coaventional joiaing methods as applied to present~
day commarciel beryliium. It $s likely that imnrovement in commercial
baryllium products will lmpr.ve julning, primarily through iacreased purity.
It 1e interesting to tote bt curreatly very littie work is being dane in
iaing.

Mas ] ame Bl Sl e

st of the aetaliovrajhic studies doing made in active progrems

are ia di:cct support of projects for lwgwoving acchanical prpaftfes. A
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fundamental study of disiocation structure at Franklin Institute, sponsored by
the Navy.(ao) has been directed toward » study of impurity precipitation and
voservations on the oporaiivo glide system. Two Air Force projects are
concerned with the effect of grain refinement. Crne of these projects is
being conducted at Brush to study grain refinement in weldments, and the
other project involves an evaluation of fine-grained, high=purity beryllium
at Nuclear Matals.(4°'47) tnother Alr Force-sponsored project on welding
(at RPI) involves & study of silver and silber—copper eutectic brazed beryllium
joints.(47) Lockheed is studying surface damage (twins and cracks) in both
hot-pressad and hot-ro..ed material in another Air Ferce-sponsored projtct.(‘7)
Also, studies involving celectron-microscopy examination of lJeO-beryllium
interfacus are =npported at Manufacturing Technology Laboratories by the Air .
Forco.(47) Oak Ridge National Laboratory is studying the effect of irradiation 4
on the structure of beryllium which can change dve to an ». ¢ reaction
which forms helium in the motal.(gb) Nuclear Metals has used metallographic 4

AY
and X=ray techniques to study aging and strain aging in borylliun.(475

Transformation and Resulting Structures

Five contracts have been ldentifieo which concern this general area
of beryllium metallurgy. A progoam at Nuclear Metals, Ince, conducted ¢or
the AEC was devoted to a study of the stability of the high-termperature beta
phaso.(a7) Partial phase diagrams were established for a numler of blnary
systems in an effort %o identify bata stabilizers anu subseguently yleld
ductile bery.lium.rich alloys. Llectro-ptical Systems studied he affocts of

rapid quenching on vazivus Luayllium Lioary by.tums.(w)
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Another program at Nuclear Metals, Inc., concorncd.tha study of gases -~
in beryllium as a research effort for the Air Force.(5!) Rates of sbsorption
and diffusicn were established for oxyge , hydrogen, and nitrogen. This basic
study wat directed toward determining conditions nocessary %o break down the
subject gas systems.

Lockheed has completcd a study of beryllium surface damage as a part
of the Bervilium Management Program.(‘7) Twins and surface cracks were identified
and the necessary processing to insure theii removal wcre established.

A recent summay of radiation effects compiled by Battelle Memorial
Institute for the Air Force discussed the behavier of beryllium.(%0) Embrittling
effects resulting from the 7. X reaction and formation of helium bubbles

at grain Soundaries was noted. Heating conditions nezessary to procuce this

effect were defined.

Fhysical Properties

Thirteen research contracts have baen identified in the ares of
physical property measurementy on bervilium. A compilation of aircraft materials
data by North American Aviation, Inc., includes previously unpublished data on

beryllium aIIOys.(bz)

The diffus.on of oxygen, hydrogen, and nitrog.n in beryllium has
bean investigited by Nuclear Metals, Inc., for tae Air korre.(sl) These
sechanisms were deterrined at a function of pressure and tcmperature.

A program on the thermal and electrical conductivity of irradiated
beryllium and ransition we . als was established at Watertown Ar“ml.(&) As
yet, no work hus bLeen cormpleted on bLerylijum due to the impure nature of the

inftia! sumplen.
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he thermal expansion of highw-temperature materials including beryllium
is being investigated by the University of California, Livermore, for the AEC.(97)

Southern Research Institute has conducted a progray to measure the
theimophysical properties of selected materials above 2000 F.(‘g) These proper=~
ties include thermal expansion, total normal emissivity, and viscosity in the
molten state. In the work to date, no beryllium materials nave been evaluated
although it is intended that they will be included.

An Ammy=-sponsored program at the Arthur D. Little, Inc., concerns
the high-temperature vapor-phase thermodynamics on light metals, including
beryllium; it is currently activeq(72) Of particular interest are the metal-
oxygen-hydrogen s;ktems.

The University of Chicago is investigating advanced energy transformation
systems in an Ammy=sponsored program.(69) This effort involves quantum mechanical
calculations on several keryllium corpounds to provide a basis for determination
of thelr thermodynamic proporties.

Optical properties of beryllium in addition to other light metals are
being invastigated by the General Atomic Division of the Gencral Dvnamics
Corporation.(3§) The properties of interest in this effort were photon
absorption coefficients and mean opacities. Both temgerature and density were
varied in these measurements,

Beryllium and beryllium-copper have been evaluated in a supersonic
air jet in a study at Langley Rescvarch Center. A variety of conical models
at 4000 F and Mach Nc. 2 woere evalusted to establish the relative worth of the
two materials as heut sinks,

The effucts of nuclear radiations on beryllium have been summarized

with respect to density chanoes in a comnilation by Batielle Memorial ant&tuto.‘bo)

Post-huat tivatmenls to 935 C after fast flux axposures oqumﬁiqgn&.mﬁ}

resulted in density decrvases of 20 pur cent.
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Several Air Force contracts are dovoted to evaluations of beryllium
alloys, primarily beryllide compounds. Fromising compounds have been characterized
by The Brush Beryllium Company with particular emphasis .a alloys with niobium
and tantalum.“a) In another contract at Brush, impact properties, thermal
shock, and oxidation resistance at temperatures in excess of 2500 F have been

determired for beryllide and silicide materials.

Kechanical Properties

A great deal of che research being conducted at present involves a
determination of mechanical properties of beryllium and the eftect of processing
variables, purity, etc., on the mechanical properties. It would be expected
that considerable research would be required since changes in purity, grain
size, and grain orientation are known to affect the mechanical properties, and
urdoubtedly there are other factors as wll.

Most of the research is being supported by the Air Forces The Air Force
approach appears to be primarily one of determining the effect of procetsing
variables on the mechanical properties and attempting to establish procedures
whereby usable beryllium can be produced with reproducible mechanical properties,
Structural design and theoretical formability data are also being collected. The
Alr Force=sponsored work includes one program at Brush to develop beryllium
sheet with high mechanical strength and an im.rovement {n the Ze-axis ductllity.(av)
a program at Nuclear Mctals to determine the effect of rolling variables on
the yield strength of bLeryllium, a study of the flow end fracture characteristics

(47)

of beryllium, a Progruin 1o goterminz the offect of volds and oxice content on

(47)

tha mechanical propertivs, 3 Prograii et martin(aq) to vvaluate and characterize

structural beryllium eheet made by three diffecont techniques, C;S)lﬂfihﬁhﬁli£fl/\i
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progra“” to compare hot-pressed beryllium to hot-pressed and extruded beryllium.
The Air Force is also sponsoring a project at Lockheed(44) to obtain structural
design data and a proeect at Chance Vought on thsoretical formability.(45)

Some information on beryllium will also be cbtained by the Air Force under a
contracy to North American Aviation to collect unpublished materials data from

alrcraft caupanin.(&) The Air Force has also supportad two projects at

Brush Beryllium to obtain the mechanical properties of the more promising
beryllides. (42:48)

The Navy is actively sponsoring work at Brush Beryllium to improve
mechinical properties by developing high-strength beryllium wire. (79) At
the Naval Ordnance Laboratory composites made from beryllium wire are being
studied, and they also sponsored work at Armmour to produce ductile beryllium
composites of berylliium in a durtile matal skeleton. (82,77)

The AEC is interested :nd is sponsoring work on the creep stress
rupture, and fracture of beryllium with particular reference to tubes and finned
tubu.(%) They are al:o supporting ctudics on the effects of irradiation

~n the strength of beryllium. This work is all being done at Oak Ridge,(93)

Corrosior

Corrosion resistance of berylli:m ise important in particular applics-
tions and the rescarch {n this area is gencrelly Jdirected toward a particular
use. Lockheed hai studled the electrolvtiz polarization of beryllium in a
number of unstirred dqueous solutions.(“) They found that sctivation and

attack occurred in the presence of Cl7, Cl03=, F=, anc S04==. The ALC s

sponzoring work ut the Univorsity of Missouri on the coriveion of nuclesr metals,

including borylum.(a:’) Basic reactions of dissclutson, @@Nﬂmm.
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thocc fﬁflgngJealitt, and the extent of polarization are being s tudied as
related to the behavior of metals, oxides, and nitrides in hydrofluoric and
other inorganic acids. The AEC has also sponsored work at Atomics Internat{onal
to test beryllium in liquid sodium,(83) and work at Oak Ridge to resolve the
unpredictable nature of beryllium corrosion in wet 002.(99) The reaction of
beryllium with uranium carbide was also investigated. Brush Beryllium has
Studied the oxidation resistance of beryllides at high temperatures in an
Air Force project. (48) The Marshall Space Flight Center of NASA had to develop
an anodic coating for gyroscope components in order to prevent problems resulting
from extremely small amounts of corrosion products. They also found it necessary
to specify virgin metal powder for production of the components.

Corrosion of beryllium in marine atmospheres has been a problem in
gyroscopes. This problem was studied also by the Bureau of Standards a4t the
request of the Bureau of Ships who studied beryllium as a possible onponent of
deep-diving submarines.

Inspection and Control

Texas Nuglear Corporation is currently investigating the activation
analysis of high-purity beryllium for the Air Forco.(:’s) Initially, o
thecretical study is being made und equipment developed to yield techniques
for the analysis of ultrapure bervllium,

Inspection critertia are being established in a study of beryllium tubing
at Ok Ridge.(94) Tnig work is Primarily concerned with the evaluation of

tubing from varfous suppliers.
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TJoxicoloqy

The toxicological effects of beryllium aré'boiﬁg investigated by
the Kettering Laboratory, University of Cincinnati, in a contract for the Air
Porcc.(31) In the course of developing useful information for safeguarding
industrial personnel, a workshop on the subject has been conducted. Aitempts
have been made to identify the various beryllium materials with respect to th2

evidence of pulmonary disease.

Beryllium contamination resulting from its use in high explosive
asscmblies has been evaluated by the University of California, Livermoro.(IOl)

It was establishéd that such contamination is confined within a few hundred

feet of the firing point.
Toxic hazards of beryllium in solid-propellant rocket motors are

also being eamined.(21516) Testing also has been done both in scaled chambers
and in open air by various organizations such as Atlantic Research Corporation,
Aerojet-General Corporation, Hercules Powder Company, Brush Beryllium Company,
Dow Chemical Company, and Ly the Air Force. Initial tosts lLuve indicated
thit mixer fires or launch failures may not be a serious hazard.

Midwest Research Institute is cxamining the toxicity of single does
of various beryllium compounds such as the halides and the hydrldo.(éo)

The Kettering Laboratory examined beryllium—containing glass fiber and

detorminad that this material presented no toxicity hazard.

Nonmetallic Forms

The most important nonmetallic form of beryllium is the oxide, and

this form probably accounts for more consumption of beryllium than the

CONFIDENTIAL

metallic form.
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Other beryllium compounds of interest are the refractory inter-
metillics, beryllides, and the group of compounds——hydrides, borohydrides, and
hydride-hydrocarbon polymers, which along vith alloys of beryllium with lithium
or aluminum are of interest as fuels for rocket propellants. Theseare
discussed more fully in Fhe section on propellants.
Applications of beryllium oxide ares

(1) Kefractorics

3. 2ure Bel
b. Composites with tungsten

(2) Electronic components
(3) Nuclear reactors

a. Fuel elements
be Structural parts

(4) Fibers for reinforcement of structural composites

a. Monocrystalline filaments
b. High-modulus glass fiber

Beryllia, because of its high melting point (2550 C), and good
chemical stability is used as o refractory in many specialized furnaces and in
other applicQtions where refractoriness, particularly in oxidizing atmospheres,
is important. An outstanding characteristic of BeO is very high thermal
conductivity at temperatures bolow 1000 C. Thermal conductivity incroases
with decrease 16 tem§e§;£Q§1 and becomes extremely high at cryogenic temperatures.
Composites of BeO and tungsten containing diffsrent proportions of
the components have been examined for potential use as rocket nozzles or
re=ontry bodies. Small amounts of BeO in tungsten improves thermal shock and
imparts some increase in heat capacity per unit weight. BeO and BeO=W composites

have been only moderately successful in rocket nozzles, however. BeQO-NW composites

CONFIDENTIAL
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were made by Bendix Products Division and were tested in several stages of
Minuteman. BeO and BeO-i! composites also were tested in rocket nozzle
isserts in an Army-sponsored program.(71) National Beryllia Corporation made
BeO-W composites with graded compositions varying from pure BeO to pure
tungsten, on a Navy contract.(75)

Beryllia is potentially useful as insulators in high-performance
electronic components because of its high thermal conductivity combined with
high electrical resistivity. Armour Research Foundation, under NASA sponsorship,
is working on high-~temperature BeO insulators for electrical appllcation;.(1°4)
The Army Signal Corps is interested in this application but it is not doing
work at the present timec.

Some of the factors that account for the potential of BeO in nuclear

applications ares

(1) BcO is more suitable in small-sized rcactors than
graphite. Consequently BeC may be used as a moderator
and-also as structural parts in small portable nuclear
reactors.

(2) 20 i3 more suiteble thaen yrapaiie in sysicms cmploving
oxidizing coolants, which are likely to be used in
airbournc power nlonts. At temperatures above 2500 F,
however, BeO reacts with water vapor to form a volatile
hydroxide.

(3) Ir areas at temperatures below 2000 F, BeO is stronger
than graphite and would be & more efficicent structural

member. At high temperatures, BeO has poor creep
resistance.

(4) BeO can be combincd with fuel as a reflector.

Research programs spoasorced by the Atomic Energy Commission on BeO

axe directed toward the following problemst
(1) Making high-purity material (loss than 1000 ppm

motallic impurities)
CONFIDENTIAL

(2) Improving uniformity (reproducibility)
(3) Datermination of mechanical and physical properties
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mprovement of th.riual shock at hign temperatures

{5) Determination of the behavior of Be in radiation
environment (formation of i.c by the Be”, n-« reaction)

(6) Making powder properly

(7) Study of decrepitztion of BeO by a phate transformation
abova 2000 C

Axeas where AEC-sponsored work is being done on BeO aret

Non. Fuel Resgarch

Ouk Ridge National Laboratory
Atomics International

Fuel Pescz-4
Livermore Rodiation Luberatory
2rait o cauney Co., ince
General Electric Co.
General Atomics Division of General Dynamics.
The Air Ferce is sponsoring work at the Mational Beryliia Corporation
to develop filaments of monocrysiallire Yeryllium Oxide.(b4) It is hoped
that such fibers will Lte uscful as reinforcements for structural composites.
In work to develop glass with a high rmodulus of elasticity, it was
found that additions of 1¢C wers the most effective in Increasing tha modulus
without 2 proportional increase jn density. Hioh-modulus giass fiber was
desired for structures such as roclot—aatar caees. licwever, work on highe
modulus glass—containiza Hel was essentially lersinaied with the cumpletion
of an Air Force-spunsored prulec’ 1o develop high=nodulus alass flder at Owens
Corning Glass Carpoxatiun.(3V) Xeets Lorning now offers & high-nodulus, BeO=
contain.tg qlass (YN=31a) as o cosrercial product, bu? it ts axpensive and

the high cost, coupled with a4 fedr of toxicity trom the contaired beryllium, has

deterrvu its use.

CONFIDENTIAL
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CONFIDENThAdt1al uses for BeO are as a flake or fiber reinforcement
vhich is being investigated by National Beryllia Corporation under Air Force
sponsorchip.(54) National Boryllia Corporation has also worked on BeO
radomes urdor Navy sponsorship;(SI) however, there is doubt that BeO can compete
with Al205 for this applicatior.

General Electric Corporation, under NASA sponsorship, 1s investigating
BeD binaries for potential usec as energy storage materials in solar thermionic
power systems.

Viork on beryllides, which were of interest as structural materials
because of theiy high-tomperature strength, low density, and oxidation r;sistance.
was supported by‘both the Atomic Enorgy Commission(®9) and the Air Force.(42,27)

However, properties such as brittleness and marginal thermal shock resistance

have deterred continuation of work on these ma;crials.

A fcations

The properties of beryllium metal which make it of potential use

«rél

(1) Exceptionally high mocdulus of elasticity to weight ratio

(2) High hoat capacity per unit of weight
(33 Nuclear properties, including transparency to X-rays

Hiagh chemlical conergy per unit of weight coupled with
low atomic mass.
As a result of the high modulus of elasticity-to-wcight ratio,

beryllium is useful in conpressively loaded structures such as intermediate
stages in rockets, fins, and other aecrodynamic structures such as the antenna

for the Telstar satellite. Beryllium is also used oxtensively in gyroscopes.

CONFIDENTIAL
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CONROBM Pl capacity of beryllium per unit weight has accounted
for its application_in re-entry bodies and in interest in its epplication as

an sblative.

The nuclear properties of beryllium account for its study by the
Atonic Energy Commiscion. Howsver, the transparency of beryllium to X-rays
probably accounits for its application in a satellite to detect nuclear
explosions (Vela Hotel).

The high chenmical energy of beryllium accounts for interest in its
usa {n rocket propellants.

Some of the systems in which beryllium {s employed are discussed
below, simc the spplication of beryllium in propellants is of major interest
because of the large quantities of metal required for such applications, this

area is discussed somsvhat extensively.

Syroscopes
NASA has completed work and NASA and the Army are using berylliua

1nr gyroscone cnmpanents for *he Pershing and Saturn rockets.

deat Sioky
Berylliun was used as 2 heat eink in seversl of the Project MERCURY

capsules. These beryllium bodies we)ghed spproximately 1000 lbs. Capsulas
with beryllium heat sinks were confined to firings with tre Redstone rocket
and nond using dbecyllium were orbited.
Beryllium also 18 used in the re-entry body of Fo.aris Al and A2,
but probably »ill not be used in AJ.
Beryllium also is being used for the solar cell boards in the Orbiting

Geojhysical Observatory (QGO Satellite). Whille beryllium®s high heast capacity
CONFIDENTYAL
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was a factor, a major consideration in this application was the close match

in themal expansion with that of silicon. Approximstely 72 square feet of
0.043~inch thick beryllium sheet will be used in each of 5 OGO satellites t#
be built by the Space Technology Lidboratories.

NASA has also exaained the hcat-sink properties of beryllium for

potential use in & 4000 F supersonic air jet.

Structural

At the Space Technology Laboratories, beryllium is being considered
for use .s a structural meamber, skin., panels, and shielding on Vela Hotel,
if fabrication problems can be worked out. Beryllium may be used in honeycomb
panels, as thin sheet, and as threaded <asteners.

Beryllium will prob:uly be used by Lockheed in the booster-sustainer
interconnect structure for SAMLS. This may e.plov structures p to 72 inches
in diameter, 36 inches high, an. V.10 wail th' «noss.

Beryl. ivm | neis fastened to ai.uinue plcture frames may be used as
interstage sgructures in *he Minuteaan.

There is also a possitility that beryllium %ubing will bta used for
sensor booms in the L. ting Geophysical ubservatory (UGO satellite),

Bery.lium is L. ing considered as the outer shell of nozzles for
third-stage Minutuian,

Beryllium co .ouites also are bein develosed by the Air Force for

re—ertry budies » re beryllius 8 nct used as & heat-4ink nose corsc.(:ﬁ)

Muclear

The ALC has sujgortod work at stomics Internstional te develup

berylliiue as & reflector control amaterisl for WN'F rur.toxqpmglm W‘J\
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of beryllium metal were supplied by the Beryllium Corporation to be used as
reflector elements in the advanced test reactor to be installed at the
National Reactor Testing Station in Idaho. Beryllium probably is also being
used as a moderator and as shiclding in the NEZRVA project.

The AEC also has supported work at Oak Ridge National Laboratory to
develop finned beryllium tubing as fuel element cladding for the gas—cooled
reactor progruie

Large cones o beryllium compose parts for the Vela Hotel satellite.
The transparency of beryllium %o X-rays and opacity to visual light may indicate

its application as shielding forthotomultiplier tubes in X-ray detection systems.

Rocket Propellants
There is a very real interest in the use of beryllium and beryllium

compounds in rocket propel}ants today. This interest is the direct result

of the quesi for‘hiéﬁéi specific impulse, Isp, in both liquid and solid
propellant motors. The current interest in beryllium is not new. It has been
an accepted fact, at least since 1946, that to obtain th: a:ximum impulse

a metallic fuel had to be incorporated along with the oxidizer and binder that
make up the conventional solid propellant. Specific impulse is approiimately
proportional to 725;57' where AH is the difference in enthalpy of combustion
gases at the rocket nozzle and in the rocket chamber, and M is the average
molecular weight of the combustion gases. It has always been obvious, therefore,
from an oxamtnation of the periodic table that Be, Li, B, Al, and Mg, have, in
the order showr,, the most promise as metallic fuel additives for increasing the
specific impulse of propellants. Until the past few years, the use of beryllium
has been avoided and work has been concentrated on the otMrWNnAL
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far most of this concentration has been with the addition of aluminum powder.
It is almost standard practice to add aluminum to all high-energy solid-
propellant formulatiouns today.

With respect to Li, B, Al, or Mg, the maximum increases in specific
impulse have essentially been schieved. To obtain higher impulses with present
day formulations, it was therefore nacessary to consider the proc and cons of
using beryllius. The biggest argument Jgainst beryllium has been the toxic
nature of beryllium exhaust products, namely BeO. Béryllium also is relatively
expensive. The main argument for beryllium is that {n solid propellants,
impulges of the order of 280-285 lb-sec/lb appear possible. This is about
20 1t-sec/lb greater than is currently achievable with aluminum on cowparable
propellaptu.

Calculations also indicate that very high specific imfulses are pos-
sible by additions of beryllium to liquid propellants. The Ba-O-N systes,
which has 8 maxiorm srecific i{mpulse st 26.5 wt per cent or 88 voluwe per cemnt
hydrogen, has a calculated valuc of 356 sac. llowever, the potential difficulties
in using this propellant combination which involves two cryogenic materials plus
a high melting toxic metal are formidable. An experimental program is under way
at Aclantic Rescarch Corporation to verify the thcory involved in the tri-

propellant approach, (20)

In solid propellants, beryllium can be used in essentially two ways.

It can be used as a fine, metallic powder, just eas aluminua {s used today, or
1t can be compounded as a hydride, borohydride, or as & beryllium-hydrocarboan polymer.

Beryllium metal powder can be substituted for aluminum powder i{n almos: any of

the presently used solid propellant formulations without gert 1?‘1 )

EORHBENTIAT

{n production techniques or equipment employed, except, of course, for precautions

against toxicity.
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It §s estimated by the Air Force that substitution of beryllium for
sluminum in some solid propellants may bagin in 1962. The development of a
stable form of aluminum hydride has also oper2:d the possibility of using this
type of fuel in advanced solid propellants. Berylliun metal and aluminum
hydride have comparable impulse values in equivalent propellant systems.

Aluminum hydride, however, is in the very early stages of development and the
Air Force does not axpect it to bte aaployed in propell:at: efore 1963.%

Most of the interest and work today .s on adding metallic beryllium
instead of aluminum to standard ammonium perchlorate-hydrocarbon o.nder, or
double-base propellants, Most of the current impulse data is the result of
calculations, not experimonta. Caiculations are carried out, using available
free energy data, on the krown exidaticn products of beryllium. The calculations
are usually for solid-prupellant formulations containitg _0O=:3 per cent beryllium
and are usually compared with calculated data for aluminum=containing propellants
which have about the same flame temgerature. Beryllium-containing propellants
gererally have higher flame teaperatures than aluminum propellants (when <he
solids-loading, metal * armonium perchlorate, is kept constant). This means
that nozzle erosion probloms may be more severe with heryllium propellants.

Atlantic Research Cosporation and Aerojet-Gencral Corporation have
built “scrubbing™ facilities for firing beryllium propellants. Olher crganizations
such as :.yrcules Powder Company at Magna, Utah, probably have also built such

facilities. It {8 very probable that 1n 1962, ruch nore {iring data on beryllium

® A heview of the tiigh Erergy Lolia bropellant Research trvere, Jo To Edwaras,
R. L. Geisler, 689328 Test uroup {Dev.), Air Force Systens Command, pe 3.
Bullatin of the l5th Meating JANAF=ARFA=tASA w0l{d Fropellant Group, June,
1962, Vol. l..
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propellants will be come available. These data will show how far the calculated
Isp data deviate from actual firing data, and in this way frdicate whether

there are big, unknown gaps in present knowledge of the thermodynamic pro erties
of beryllium oxidation products. There is, for example, indication that the
burning efficiencies of bervllium are not so high as aluminum. If the firing data
prove nearly as encouraging as the calculated data for the direct addition of
berylliun powder, we may expect a real push on the program.

Potentially, the use ol buryllium hydride or beryllium hydride-
hydrocaston (or fluorocirbun) polymers is even more exiciting than the use of
beryllium metal. Sp..ific impulses of the order of 300-32C ib-sec/lb have been
calculated for such propellants. The density of beryllivm hyaside is relatively
low, about 0.66 gm/cc compared with beryllium metal at 1.85 gm/cc, but for high
altitude (upper stage) use, there is still a net gain in specific impuise. This
i1s true because impulse i¢ related to density in accordance with the equations

Effective impulse, X - :l'sp <"(%3)V\
The elieciive twpulav, £ , i3 NOt afiectey severely by aecreased density
because K is altitude dependent. At low aiiitude, K = 0.t and at high altitude
K = 0.2,

Althougn there is now consicerable work under way to develop beryllium
hydride, its use in propellants is not articipated before 1965,

Perviliom gleminum hydride ig ancther potontial high ensigy coipuund
which Is currently being investigated.

M ot of the work on overyllian propellants is rnow being sponsored by

the Alr Force, (11alial2i1a,07 10,10, 21, 20, 41,43, 50,62, 23,20, 69,24,06,25)  Nasa

- v =y . .
4nd the by 14('3"4"“ JTe sLonsar,ny Song while the Arimy, a8 far a8 can be

getominad, ik nO projrams at this time, C(DNHD'ENTlAﬂ
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and XM«86 which are sphc.ical motors which will be used as the fourth stage of

Blue Scout, Jr. and the large Blue Scout, respectively.(13'15'22'63'103) Both

nay contain beryllium in the propel)ants. The XM-E5 will contairn sbout 135 lbs

of propellant while the XM-86 will contain about 600 lbs. This application,

therefore, will not create a large demand for beryllium,

If the Air Force dacides to usc beryllium in the propellants in second
and third stage Minutc.un, which it is considerin; oing, requirements for
beryllium metal powder will L. of the order of 1,000,000 pounds per year. This
demand alone would be a.out tvwice the present capacity to produce beryllium
powder. Furthermore, the present commercizl grade of beryllium powder may not
be satisfactory and new processes as vell is new plants may be required to
produce it. Current specifications call for powder 17 microns and iess in size
(50% in the 8-10 micron ranga) with preferably spherical ehaped particles. A
prominent requirement is low oxygen content (less than 0.5% BeO), although 0.5%
BeO would reduce the theoretical specific impulse only about 1/4 second.

Commercial grades of beryllium powder have the following properties:

Source Size Cost, $/1b  Oxide Content, X
Brush «325 mesh 70 1-1.9%
17 micron 8¢ 1.5=3
17 micron 10C 1.0
(minus €inaes)
General Astromctals Y omtcron 1u0 -
Texas Instrument 1=5 micron 100 <0.%

The principal redeeming feature of propellantegrade powder is that Al, Mg, or B

as impurities would not be det:imental,

In longer range programs, the Air For e is ncwsponsoring a considerable

amount of work on .be pioduction of beryllium hydtldo.“"”MlmlAL

alloys of Be-Al and Be-l{ is being sponsored at New York Univorsity.(m)
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Rogearch Supported by the U, 5. Bureaw of Mines

Contract No. D 3582
Contriactor: Alluny M2tallurgy Ressarch Center, Albeny, Oregon
Contuct: A. II. Roberson
Project Monitor: Charlecs 4. Merrill
Dates: July 1961
Title: Metallurgy--Extractive, High Purity, Gumma Rediation, etc.
Bench-scale research will be conducted on the extraction of beryllium
froa low=grade source matcrials and oa reduction to beryllium.
Contract No. BM 3608
Contractor: Reno Mctallurgy Resecarch Center, Reno, Nevada
Contact: T. R. Crahm
Project Monitor: Charles W. Merrill
Dates: - duly 1981
Tatle: Metullurgy—Sxtractive, High Purity, Gemma Radiation, etc.
Investigations on prepuring high-purity beryllium by molten-salt
electrochemical te.iiiques, ..i.i an evaluation of promising electrolytes
and physical and ¢i. .dcal phenc.ena that affect electrodeposition and
purity of metals.
Contract No. BM 3030
Contractor: Salt Luke City Metallurgy Research Center, Salt Lake ‘City,
Contact: B. . Clemmons, Jr.
Project Monitor: Churics 4. Merrill
Dates: July 1961
Title: Metullurgy--Extractive, High Purity, Gamma Radiation, etc.
Hydrometallurgical mcthods to produce pure beryllium salts from
various pure beryllium ores and concentrates will be developed.
Contract No. BM 3688
Contractor: Tucculoosa ketallurgy Research Center, University, Alabama
Contact: C. Ruwupucei
Project Monitor: Charles W. Merrill
Dates: July 1961
Tt Metallurgy——Extractive, High Purity, Geman Radiution, etc.

Eeryl councentration reccarch will be undertaken on a test plant and
laborutory scule to improve proccdurcs for recoveri. , beryl in a product
of not lcns thun U% beO from pegmatite tuilings of mm'a
spodumenc plunt ut Kings Mountuin, N. C. Thermodyn L.
made of beryllium und other compounds that may dbe significent in berylliun
extractive rogearch.

Utah
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5. Contract No. BM 3756
Contractor: Reno Metallurgy Rescurch Center, Rcno, Nevad:
Contact: T. R. Crahnm
2rogject Monitor: Charics W. Merrill
Dates: August 1961
Title: Metallurgy—Extractive, High Purity, Gamma Radiation, ete.

Limited small quaniities of high-purity uranium and derylliua from
molten-salt electrorcfining techniques will continue to be supplied to
UCLRL for evaluation. ’

6. Contract No. BM 3829
Contractor: Division of Mineral Resources, Pittsburgh, Pennsylvania
Contuct: G. W. vosephson
Project Monitor: Charles W. Merrill
Dates: July 1961
Title: Resource Investigations, Technologic and Economic, etc.

Intensive search of deposits in New England stuges for berylllium in
new and nonpoegmatite sources will ba concluded. Field work shall consist
of cxarination of deposits to determine small quantities of beryllium in
rock samples followed by classifying and evaluating beryllium deposits ac-
cording to mineral content, size, geologic type, location, and ease of mining
and beneficiation. Search of deposits in southeast United Statees for beryllium

will be complated.

7. Contract No. PN 3831
Contractor: Divisiocn of Mineral Resources, Bartlesaville, Oklahoma
Contact: R. S. Sanford
Projezt Monitor: Charles W. Merrill
Dates: July 1961
Title: Resource Investigations, Technologic and Economic, ete.

A study of resources of tellurium, selenium, germanium, and beryllium
in the southwest area will be made. General reconnaissance of favorable
areus will be carried out. Any occurrence vhich warrants additiocnal work
will be examined and sampled in more detail. An examination will be made
of mine tailings, particularly if pyritic, and base-metal smslter slags.

8. Contruct No. BN 3833
Contractor: Division of Mineral Resources, Denver,, Colurado
Contact: R. W. GCeehan
ProJject Monitor: Charles W, Merrill
Dates: July 1961
Title: Resource Investigations, Technologic and Sconomic, ete.

The intensive search of Region III deposits for mGﬂHﬁIBSNIML

nev and nonpegmatite sources will be concluded. Field work will consist of

syostematic exploration of deposits according to mineral content, size,
geologic type, location, and beneficiation and ease of mining. Explorstioa
of the Breadpan Deposits, Gila County, Arizona, for beryllium will start.
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9. Contriact No. BM 7836
Contraictor: Division u. Mineral Resources, San Francisco, California
Contact: W. F. Dietrich
Project Monitor: Charles W. Murrill
Dates: July 1961

Title: Resource Investigations, Technologic and Economic, etc.

Search will be made for deposits of beryllium emphasizing nev and
nonpegmatite sources; equipmcnt will dbc used to detect and cxumine smmll
quantities of beryllium in rock samples, and evaluate beryllium deposits
sccording to mineral content, size, geologic type, location, and ease of
mining and beneficiation. Occurrences will be noted of other valuable
minerals associated with beryilium gich as columbium, tantalym, cesium,
and rubidium.

Coatract No. BN 3838

Contractor: Division o. Mincral Resources, Albany, Oregon
Contact: D. N. Bishop

Project Moaitor: C. W. Merrill

Da'es: July 19G1

Title: dcsource Investigations, Technologic und Economic, etc.

The intensive gcarch of Region I deposits ror beryllium with emphasis
on new and nonpegmitite sources will be continued. An intensive gearch
vill be continued for beryllium in Alacks, cspeciully on the Seward
Pennincula with capbusis on nevw end ponpegmscive sources.

CONFIDENTIAL
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Reaearch Supported by the U, 8. Aix Forcs

11. Coniract No. AF 04%(611)-5081
Contractor: - Convair Division, General Dyuamies Corporation
Contact: R. L. Jones and R, E. Carlson
Project Monitor: J. Branigan, Edwards Air Force Base
Dates: -
Title: A Theoretical Design Study Applying Beryllium to Stuirable

Liquid Propellant Rocket Tunkage

A metallurgical =nd structural design study was conducted to deter-
mine the feasibility of using beryllium for storable liquid propellant
rocket tankage in the near future.

12. Contract No. AF 0L(611)-6356
Contractor: New York University
Contuct: Dr. C. J. Mursel
Project Monitor: Lt. R. Urbanek
Dates: February, 1962
Title: High-Energy Fuel

Development of phase diagrams for Be-Al and Be-Li systems. (Funds
are being supplied by Columbia Explorations, Ltd., Van Couver, B. C., who
claim to have extensive beryllium ore deposits in Canada.)

13. Contract No. AF Ob(611)=T0LT
Contractor: Atlanti~ Rescarch Corporation
Contact: J. Burton
Project Monitor: ‘W. Bacon, DGSCP
Dates: April 1961 - October 1961
Title: Tajiloring of a High-Epergy Solid Propellant

Development of beryllium-containing propellant for XN-835.

1k. Contract No. AF 04(611)-7027
Contractor: Metal Hydrides, Inc.
Contact: Dr. S. Johnaon
Project Monitor: Lt. R. Urbanek
Dates: May 1962
Title: Development of Procesas for Synthesis of Beryllium Hydride

and Other Pure Mctal Hydrides

Contractor reports that they have produced a pure Li2BcH,.

CONFIDENTIAL
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Contract No.
Contractor:
Contact:
Projcct Monitor:
Dates:

Title:
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AF 04(611)-7037

Atlantic Rescarch Corporation
J. Burton

Lt. Hasselmann

May be completed now

Initial Production of XM-85 Motors

The purpose of this project is to develop a 16~inch-diamcter spherical
motor for fourth stage of Blue Scout, Jr. This motor will contain about
135 lbs propellant end is designated XM-85. (It may contain a beryllium

propellant. )

Contruct No.
Contructor:
Contact:

Project Moaitor:
Dates:

Title:

Contract No.
Contractor:
Contact:
Project Monitor:
Dates:

Title:

AF OL(G11)=Th1L

Rocket Power, Pasadens, California
Milton Furber

Curtis C. Selph

June 1, 1961 - August, 1962

Study of Rocket Engine Exhaust Products

AF O4(611)-Th30

Ethyl Corporation

Dr. F. Conrad

Lt. R. Urbanek

June 15, 1961 - August 15, 1962 (completeu May 1, 1961)

Preparation and Characterization of a Light-Weight Metal Hydride

Laboratory sculcup of production of 804 pure beryllium hydride. Follow
up on AF 33(616)-6505.

Contract No.
Contractor:
Contact:
Project Monitor:
Dates:

Title:

AF O4(611)=T431, Task 30312
Aerojet-CGeneral Corporation
Dr. Shookoff

W. Bacon, DGSCP

July 1951 - February 1962

Rescarch und Development of the State of the Art of High-
Energy Solid Propellunts

Worked with three sizes of motors (5, 10, and 15 1b total propellant
weights). Hydrazine perchlorute beryllium propellant with specific impulse
of 292 1bf/cea/lum. processed successfully in 50-gram batch size. Total of
23 firings of motors uat Sacramento.

Contruct No.
Contructor:
Contuct:

Projcct Monitor:

Dates:
Title:

AF OL(61L1)=TLh2
Acronuironic Division, Ford NMotor Company

~Pr. Hildenbrand

C. C. Seclph
June 30, 1961 = Deceaber 1963 CONFIDENTIAL

Thermodynamic Properties of Rocket Combustion Products

Measurement of heat capucity and heat of formation of beryllium compounds.
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Contract No. AP OL(611)=T449
Contructor: Atlantic Rescarch Corporation
Contuct: Joseph A. Herickes
Project Manitor: Willi... 3. Wilson, DGREE
Datcu: July 1961 = June 1962
Ticle: - Evaluation of Multicomponent Propeilnnt Systens

Development of tripropellant system (liquid oxidizer + liquid fuel
+ beryllium powder). To demonstrate feasidility of using tripropellant
system and to check thecoretical calculations. Small motors (1000 1b
thrust) will be fircd in chambers.

Contract No. AR OL{G1L)=T554 (ARPA)

Contractor: Dow Chemical Coupany

Contact: Dr. Irish

Project Monitor: J. T. Edwvards

Dates: January 1962 = December 1962

Title: Beryllium Hydride Synthesis - Beryllium Toxicity

(a) Bcr,/lnum hydride synthesis - they bave made beryllium borohydride

(v) Beryl;mm toxicity.

Contract No. AF 04(611)=8015

Contractor: Aerojet-Ceneral Corporation

Contact: Mr. Pippin

Pro ject Monitox: Li. Hasselmann

Dates: Decembexr 1961 -~ September 1963

Title: Development of an Advanced Propellant Upper Stage Motor (XN-86)

The purpose of this project i1s to develop a high performance rocket motor
utilizing high=-energy propellants and edvanced components. It will coatain
a beryllium propellant. Total motor weight = 621 lbas.

Contruct No. AF 04(611)-8130

Contractor: Atluntic Research Corporation

Contact: Charles Henderson

Project Monitor: ¥illard S. Bacon, DGGCP

Dates: April 1962 = April 1963

Title: Developmont of High-Energy Propellants

. Will work on urmonium perchlorate/beryllium propellant development and
on development of advanced oxidizers for use in baryllium-containing
propellants. Propellant weight of 50 lbs per motor.

CONFIDENTIAL
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2k. Contract Mo. AF OM(611 78179
Contractor: North American Aviation, Rocketdyne Division, Canoga Park
Contact: David Golding
Project Monritor: W. Backn, DG3CP
Dates: June 1962 ~ June 1963
Title: Development of High-Energy Propellants

Baryllium additives and oxidiser development. Sasll motars (15 lbs
total propellant weight).

Contract No. ArF 04(611)-8176

Contractor: Thiokol Chemical Company

Contact: Ernie Rutton

Project Monicor: Lt. Wayne Rowr

Dates: June 1962 = December 1963

Title: Developcent of High-Energy Propellants

Work will be on bYeryilium additives and oxidizer development. Will vork

vith smil motors containing total of 5 lbs of propellant per motor.

Contract No. AF O4(647)=203

Contractor: Hercules Powder Company

Contact: J. K. Sherman

Project Mounitor: -—

Dates: —-—

Title: Weapon System 133A, Third-Stage Motor

Calculutions w. e made of theoretical Isp obtajnuble by using beryilium
in several Hercules poopellants. Studicéd vere made of safe handling procedurses

assoclated vith firing beryllium-containing propcllants. & pilot model for
firing mutors is beling desigmed.

Contract No. AF Ob(oh7 )9 :0

Contractor: aerogpuce Corporation

Contact: E. 5. Kendall

Project Moaitor: —

Dates: -—

Title: perylliius—ontaliing Materials Progrea

beryllium apd 1tc compuwinis are belng s.wll d to determiice the degree
to vhich they will be uscful for futlure missile and spece systems. Wark
bas dcen done on optical ;ruperties of beryllia and oo weldl g beryllis to
itaelf and to OWIr ceramics.

CONFIDENT!IAL
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Contract No. AF 29(601)-2807
Contractor: General Dynamics Corporation, Ceneral Atomic Diviaion
Contact: J. C. Stewart, K. D. Pyatt, Jr.
Project Monitor: - - ==
Dates: -—
Title: Theoratical Study of Optical Properties

Photon absorption coefficients and mean opacities were calculated for
R, Be, C, N, Si and Al over a temperature range of 1.5 to 3k ev and
aensities ranging from 10~1 g/cm3 downward.

Contract No. AF 33(600)=36795, Froject 7-647
Contractor: Ladish Ccmpany

Contact: A. F. Hayes

Project Monitor: Campbell, ASRCTB

Dates: May 6, 1958 - November 19, 1961
Title: Beryllium Forging

Shase I -~ Basgic forging studies were conducted over a vide temperature
range (1300-2050 F). Sencitivity to interrupted forging and
the need for lateral support were established.

Phase II - Press forging of mild steel Jacketed berylliua was studied
to establish conditions for optimum tensile proparties (1375 F).
With sufficient support in [llat dies, forging temperature
appeared to show no effect on forgeability.

Phase III - Bare forging was studied with support provided by an expendable
hot steel die member. Successful for forging both shallow

and deep savities.

Contract No. AF 33(600)=36931

Contractor: Northrop Corporation, Norair Division
Contact: —

Project Monitor: Felker, ASRCTB

Dates: May 14, 1959 - October 1962

Title: Extruding Beryllium into Structural Shapes

To develop improved methods for extruding beryllium into high--quality
structural parts for future spacecraft. A secondary but important odjective
18 to deteraine and then optimize variables of the extruding cycle which
will improve the transverse ductility of the extrusjon. ‘A major effort is
directed tovard the development of methods for drawing beryllium extrusioa

to thin uniform complex sbapes.

CONFIDENTIAL
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Contractor: University of Cincinnati, Kettaring Lnbont.ory
Contact: L. H. Miller, N.D.
Project Monitor: L. J. Conlon, ASRCTC
Datas: July 1958 - April 15, 1962
Title: Toxicological Effects of Beryllium in Manufacturing

To develor sufficient industrial medical, toxicological, and industrial
hygiene engineering information in usable form to safeguard industrilal
personnel working with beryllium materials.

Contract No. Ar 33(600)=37902
Contractor: Berylliuz Corporation
Contact: J. P. Denny

Project Monitor: A. H. Langenheim, ASRCTB
Dates: -

Title: Beryllium Casting

Methods were developed for production of sound 3-ianch diameter vacuum

cast billets. ‘fbe techniqus rclies on' thermal gradients within the mold to
contxol direciiznal suvlidification and eliminate centerline shrinkage.
Small additions of germanium, zirconium, and lanthanum have a gruin refining
effect But the extent of refinement is small compared to the effects of faat
cooling. Copper and graphite molds wvere used. The fine grained castings can
be hot extruded at 1850 F.

Contract No.  AF 33(600)-38062, AT(11-1)-1T1
Contractor: General Electric Coxyany

Contact: A. D. Feith

Project Monitor: —

Dates: -

Title: Feasibility of Threading Beryllium

Feasibility and necessary design parameters for threadirg holes in
beryllium. Torque and tensile tests are described. It was concluded
that interaal threading is feasible.

Contract No. AF 33(600)=-40648

Contractor: The Martin Company

Contact: C. J. Giem2a

Project Monitor: F. E. Barnett

Dates: February 1960 - March 1961

Title: Evaluation of Structural Beryllium

The principal objectives of this investigation are (1) to estadlish a
stundard measurc of merit fo' characteriszing so-called structural beryllium,
and (2) to experimentally urcertain the relutive superiority in the structurel
gsenge of the beryllium shect produced by three meth 1y
hot unsetting, hot pressing, ami hot pressing with b
Bend tests were found most usefil to evaluate the plastic strain boh“ioc of
test materials. Results indicate ductile behavior depends on (1) degree of
anisotropy, (2) the stress stage, and (3) temperature of reduciion.
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Coatruct No. AP 33(600)-41959
Contructor: Beryllium Corporution
Contact: K. C. Taber and E. E. Welsmantel
Projcet Monitcr: Merkle, ASRCTD
Dates: —
Title: Development of Techniques for Producing Beryllium Structurel
Shape:

Lov beryilium oxide products rolled sheet is preferred or higher oxide
content becauss of property consistency. High B20 conteant causes increase
in tensile and ultimite strengths. Increase in streugth of lov oxide sheet
should be obtainable. Surfuce preparation, thermal treatmsnts, etc.

Coatruct Mo. AF 33(600)-42916

Coatructor: Vitro Laboratories

Contact: J. Holmgrin

Project Monitor: L. C. Polley

Datas: -—

Title: Subnicron Powder Manufucturing Methods Development

Vitro Laboratories is aow eageged (n o state-of-the—art study on the
production of fine powders largely !n *Ze 1000 to 100 4 range, i.e., 0.1
micron down to 0.0l micron diamter. The following are the materials to de
studied: metale; awluminum, coluzbdium, Lungsten, titaniua, iithium, and
beryllium; oxides; iron oxide, 510, A1203, ™0, 0o, T10p, molybdenum
oxide, columbiua oxide, tantalum oxide, end tungeten oxide; carbides,
titanium carbide, tantalum carbide, thurius cardide, tungsten cardide,
coluabiua cerdide, and ivlybdenuam cardide. ‘The belisrc process is the
Primary msiaai uswi in Liis prueael.  waitlal siudles comcern 810, A1205,
™o, W3, ¥, Al, and TuC.

Contract No. AF 33(000)-43037

Contructor: The Xuah Seryillus oo, -ay
Coatact: Or. K. ¥iKle

Project Meattor: Nugh L. Black

Dates: July lyrl - lNovemoer 1902
Title: Rolliing Iaproved Beryiliuz Sheet

The prajram 1e cuncesaed v b the development of {spruved Seryllium
shect wita bich mechanical propertlies ia o flieat comditica vith good
repoalucibllity. A review of literature concerned with beryllium sheet
Praiuct on vas amde sl iR feneril d1d Dot yleld much informetiva. A
Cetaliod prugred outline was prejared. THe investigativa of ruliing
param-ters has bem initiated. Freliminar) stulles hav: bees iaitiated
o toe lsotropic ductility phase of the prugras. Finfshing opersticme >a
currettly produced beryiilam sbeet are being xnvnupm;\‘s; ,f\{ NTHA

Al
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Contract No.
Contractor:
Contact:

Project Nonitor:
Detes:

Title:

- 50 .
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AF 33(616)-5601

Mallory-Charon Metels Corporation
J. Perryman

T. D. Cooper

April 15, 1958 -

Electron-Beam Melting of Be, Boron, Boron Carbide, Tentalum
Carblde, Titar um Carbide, Tungsten and Zirconium Diboride

It vas found that beryllium could be deoxidized by adding yttrium to
the melt. Beryllium was both arc melted and eloctroo-beam melted. The
quality of electron-beam nelts waeg good but arc melt quality was poor.
Electron-beam melting did not improve the tensile propertiss of beryllium

extrusions.

Contract No.
Contructor:
Contact:

Project Monitor:
Dates:

Title:

AF 33(62%)=5002
Owens~-Corning Fiberglas Corporation

G. P. Peterson
May 15, 1958 - April 14, 1959

High-Modulus Bigh-Temperature Glass Fibers for Reinforced
Plastics

Investigate dravirg of high modulus glass fibers and the properties of
leminates reinforced wvith tLeam.

Contruct Nc.
Contructor:
Contact:

Project Monitor:
Dutes:

Title:

AF 33(616)-0413

The Brush Beryllium Company
B. MacPherson

Lt. S. 5. Chrisiopher

May 195y ~ august iyo0

Fusion Welding of Berylliua

Rakground and stundard conditions for fusion welding are described.
The eflect: of post heat treating and fixtusing oa fusion velds vere
studied. Muliiple puass ung fille! welding were aiso investiguted.
Residual impurities and the development of heryllium €1llar wire vith
various coatings were studied in their relation to fusion welds.

Contract .io.
Contruactor:
Contact:

Project Monitor:
Dates:

Title:

AR 33(016)-6505 (ARDA)
Ethyl Corporation

-—

Lt. X. Urbsnex
Campleted

dynthesis of Beryllium Hydrida

Inftiul work to cynthesize the compoun' i. the laborstory vas done un

CONFIDENTIAL
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Contruct No. AF 33(613)-0540
Contractcr: The Brush Beryllium Company
Contact: J. Booker
Project Nonitor: T. B. Lippart
Dates: Way 1959 - December 1961
Titls: Investigation of Intermetallic Compounds for Very High-
Temperature Applications
An investigation was undertaken to determine the capability of refractory
metal beryllides and silicides to serve as structural matericle at tesperatures
in excess of 250C P for short-time service. Impact thermal shock, and oxidatiocn
resistance of TagBe)7 and WSip are reported. Vapor pressure measuresmonts and
oxidation rates for tantalum and zirconium beryliides are also included.
Contract M¥o. AF 33(616)~60623
Coatractor: Atlantic Research Corporation
Cnoatact: Nr. Keith Rumbel
Project Monitor: W. Bacon, DGSCP
Dates: July 1959 - Juiy 1362
Title: An Experimental Program to Evaluate Righ~Performance
Solid-Propellant Ingredients
Work will incluie use of fiuorine to get beryllium fluoride exhaust
species.
Coatract No. AF 33(616)-6905
Contractor: Lockheed Aircraft Corporation
Contact: R. F. Cravford
Project Monitor: -—
Dates: Fehruary 1900 -
Title: Structursl Design Data far Beryllium
Cylindricel shells 20-inch diameter, 10-inch long, and 0.020-inch thick
vere tested to determine failure under hydrostatic and uniasiial comspression.
The sholl tuckled at & difrerential pressure of 6.5 psi wndsr hydrostatic
compression followed by a catastropbic shattering of the shall. Tde destgn
data predicted the prezsurc observed. Prematurs failurv cccurred undes
wnlaxial loading but it was observed that prosaturs buckling did not lesd
%0 catastronhi¢ shattering.
Contract No. AF 33510 Sl
contractor: Chance Yought Alrcraft, Inc.
Contact; W.oW, Woud
Project Nuaitor: T. W, Duugluey
Sutas: February 1500 - Juiy 1991
Title: Theuretical Formahtltty

SN sy 2 =
Worx on beryviliue has ifucluded the determipmtion GPWMWL

radtus as a Aanction of retal Lilckness, lenperature, and gratn orisptatian.
Some work has also bren carried out to determine the maxtimus depth O joggling.
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6. Contract No. AP 33(615)-7065
Contractor: Kuclenr Metals, Inec.
Contact: -
Project Noaitor: -—
Dates: October 1961 - April 1963
Title: Beryllium Research and Developmeat

“7 .

Genural areas of investigation are the rroduction and evaluation of
high-purity beryllium, flov and fracture characteristics of beryllium and
productisn and evaluation of fine-yrained beryllium. Past vork bag included
resistance spot velding (RP1), surface defects (Lockbeed), and electron

microscopy (Materials Technology Laboratories).
Subcontrects: AP 33(616)=7065

Franklin Institute:
Study dislocations in beryllium (flov and fracture).
Lockheed !

Study of ductile-to-brittle trensition (flow and fracture). Deter-
aipation of effects of texture, composition, and strain rute on the
propertics of deryllium.

National Research Coxporution:
Development of fine—grain beryllium powders.

Nev England Material: laboratory:
Preparation of and evaluation of fine-grained derylliua.

Huclean Metals, Inc.:
Development of methods of purifying berylliux, princtpally by dis-
tillation. Evaluatioca of beryllium fabricated from distilled metal.
Identificaticn of the elements thal may account for room-tesperature
brittleness of deryllium.

Pecuioey, Frence:
Study of recrystallisitica and grein grovih. Determination of the
role of BeD {or oxygen) in microsiructures and proparties of

ceryblium. Identificaticn of impurities and ssthods of apalysis
guch =4 electron alero~diffracticn techaiques.

CONHDENTIAL
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Contract No. AF 33(615)-7108

Contractor: The Brush Beryllium Company

Contact: R. 8. Truesdale

Projcct Monitor: T. E. Lippart

Datas: April 1960 - Scptember 1961

Title: Investigation cf Processing and Fabrication Techniques for

Promising Intermetallic Compounds and Effects Upos Thermal
and Mecbanicul Properties

This prograa is for studies of the effects of processing veriables upom
the therma) and mechanical proparties of promising intermetallic compounds,
also studies of the feasibility of fubricating shapes by mechanical working
techniques. Phase I consists of a characterization of some of the more
promising intermetallic cumpounds in terms of the properties attainable in
shapcs larger than the laboratory specimens evaluated to date. Phase II
concerns a feasibility study wherein the extent to vnich such materials cen
be plastically deformed, by verious states cf stress applied by forging,
extrusion, etc., vill be determined. Of particular interest in this work are
the beryllides of niobium und tantalum.

Contract No. AF 33(016)-7319

Contractor: Southern Rescarch Institute

Contact: C. D. Pears

Project Momitor: H. Marcus

Dates: May 1960 - November 1961

Title: Thersophysical Properties of Refructory Materials from

2000 F to Their Degtruction Tumperatures

The contractor vill develnp techniques for and easure the thermal
excansion and totsl narmul emissivity of saelertead raCractory matarialg gnd
cerumics in the temperature runge from 2000 F to their meliing pointa.
Further, the contractor will develop techniQues for and determine the
vigcusity of these selected materials in the moltsn stala. The materials
0 te investigutcd vwill be selected from ths follovwirg ovups of materials:
élg valdes of berylliua, m:gnesium, thoriwn, zirconius, bafnium, and certum;

2) curbides of bafnium, tantalum, :irconium, niobium, titanium, tungsten,
vanuiium, and m.lybdenum; (3) nitrides of hafr.ium, boron, titsnium, end
tunta’ um; (5) bortdes of bafntua, zircunium, tungs-en, titanium, and thortum,
and (5) tungaten, molybdinue-0.5 titanium, and ntobium-o.$ sirconjum.

Contruct No. & 33616739

Caatrustur: Buttelle Megorial Institule

Contuct: F. R. Jhoher

Project Maltor: —

Dates: -

Titie: Effcct of Buclear Idicdintion oo Structurs) Meteriulse

Swskary of ihe ¢ffedta I fust (rradialion on mtwmﬁtw‘ru
aotals and allcys. I wae ated tust beryllium is csbritlled by the
reactich wiloh fovam bellca. AL hewtitig W 530 O, bellus precipitates
at gratr boundaries Lo csuse eabrittizzent and posxibiy perseatility.
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51. Contract Mo. AP 33(618)-T665
. Contractor: Nuclear Metals, Inc.

Contacs: J. P. Pemsler

Project Monitor:” ~. D. Iouston

Dates: Juie 1959 ~ November 1961

Title: Mundamental Study of Gases in Beryllium

The contractor will conduct reccarch nccessary to establish the relation-
ship between the metal berylliua and the elcments oxygen, hydrogen, and
nitrogen when present in a wide range of concentrations and in various: com~
binutions. Tre rate of sbsorption of the cuses at various pressures ard
temperatures by the metal ghall be determined as well as the rate of diffusion
throughout the material. The form in which each metal-gus ccmbination exists
shall be determined. The information derived {rom the above study wilil then be
used to determine the conditions necessary <0 break down the metal-gas systea.

52. Comtract No. AF 33(616)-8¢09 » Q
Contructor: North Americun Aviation, Inc.
Contact: G. Kcller, R. L. Schleicher
Project Nonitor: F. Glese
" Dates: April 15, 1961 - April 14, 1962
Title: Collection of Unpublished Materials Detus from

Company-Sponsored Progrums

The objective of this progrum is tu obuain complete muterials rescurch
and development datu thet havendt previously been published and thus vere not
readily available to the Alr Force and its contractors. Specifically, the
wvork provides for the o-llvction, compilation, interpretation, und trunsmittal
for dissemipation of wipubiished miterials information on metullics and non~
met)lics UIld IL SF Bulig wnvesiigatve Jur posslole appliication in aircralt,
acrospace and space vehicles, including fabrication and corrosion data.

The progrem vill obtuin inturmation on refractory, steel, alualnua, mgnesivm,
nickel~base and beryllium «llioys, honeycomb structires, welding, trazing,
plustice, seals, fuels, electrical materials, cermaice, optics, heat transfer,
and orgunic finishes.

53. Cuaurmet Ho. AF 33(ol6)=8011
Contructor: Electro~Jptical Lystems, Inc.
Contact:
Project Moaitor: K. L. Euopola, AWOM-L
Dates: Januwary 11, 1yol - February 28, 1962
Title: Iovestiv tion of the Effec: of Ulirerspid Quenching on P

Netalate Systess, Includ ng Berylltus Alloys

e effect of wltrarspid vuenching, as obtained by the technique recently
descorited By Dupex, ¥illwn:, and Klement, uypoy the phase relationedipe in
selocted dnary pystexs {nolud({ng rt lcast 5ix deryllium-based systems shall
bo datermined. The beryllius ryilezas specified are: Be-Mi, Re-k, De—0, Be-Cu,
Peetil, wnd Be-fo. CONFIDENTIAL
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Contractor: National Beryllia Corporation
Contact: -—
Proj:ct Moaitor: Frank J. Fechek
Datac: parch 15, 1961 - Decesber 1963
Title:" Nev and Improved Reinforcements for Structural Comnosites

Research will be conducted to obtain and fully charucterize beryllium
oxide fibers for reinforcem:nt in structural composites. Two routes for
obtaining monocrystalline filauments, these being the coatrolled oxidation
of beryllium metal vapors ard the controlled vaporiszation and deposition
of beryllium oxids powder, aml 4 process for converting continuous poly-
crystalline Be0 filaments into high-strength monocrystalline or quasi-
monocrystalline fibers by a zone treating technique will be investigated.

The fibers resulting from the above forming methods vill dbe fully characterised
as to mechanical, chemical, and physicul properties in both the as-synthesized
foram apd in structural composite materials.

$5. Coatract No. AF 33(616)-8160
Contructor: Texas Nuclear Corporation
Contait: J. A. McCrary
Project Monitor: Charles D. Houston, ASRCPA=L
Dates: April 15, 1961 - April 1k, 1963
Title: Activa“ion Analysis of High-Purity Beryllium

The various activation tecbniques used in Quantitative analysis of mstals
vill be thoroughly investigated and the Sost promising techaigue vill be
selected and applied to the analysis of deryllium mmtal. A theoretical study
will be made to determine the sensitivity that can be expected and the effect
that can be expected by coabinatiuns of elements. Various types of esquipmeat
will be investigatea o detormine the combinatiocn that can be expected to
provide the desired results. A research and dcvelopment program vill then be
initiated to develop and apply the technique to the analysis of ultirepure De.

56. Coatract Mo. AP 33(616)-8364
Contractor: Ehtyl Carporetina
contuct: _—
Pro Juct Monitor: ~—
Dates: June 190k « March 1962
Titlu: Reccurch oo Light-Metai-Conlaining lilgh-tnergy Fusls
and Complex High-Energy Oxtidisers
57. Coatract Mo. AF 32{057)=7151 (replaces AF 13(616)-7050)
Contractor: Aeronca Manulaciuring Compeny
Contact: -—
Project Moaitor: C. Tobin, ASATF
Dates: vuly 190l - Docember 1962
Title: Insulated Shcet Beryllium-Cerani: ConfoQ)0N MEDENS ! AL

Develop and munufacture refafurced csrumic beat salelds combined vith
baneycomd panel lowd-tes. i styuclure.
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s8. Coatract No.: AF 33(657)-7248
Contractor: Cencral bynamics/Fort Worth
Contact: C. I, Rogers
Project Momitor: D. .. Shinn
Dates: Novesber 1h, 1961 -

Titls: Compilation of Unpublished Materials Infaormation

The principal objective is to supply information oa unpublished
materisls research and development prograns. Oue report describes work on
- the development of bruzed beryllium sandwvich comstruction.

Contract No. AF 33(657)-T763

Contructor: United Aircraft Corp., Hamilton-Standard Division
Contsct: -—

Project Monitor: R. E. Bowman, ASRCMR-2

Dates: Japuary 1, 1952 - January 1, 1963

Title: Electron-Beam Welding

Optimum high-volta e eleciron-bcam welding tecuniques vill be developed
ror joining molybdcnun to tungsten, DGac stecl to itself, and B-120VCA titanium
te itself. A preliminary investigution of high-voltage electron-beum welding
of beryllium is included. The mechanicul properties of the welds made vith
the optimum procedures vill be evaluated.

Cantract Mo. AP 33(657 )72

Coatractor: Midw2st Rescurch Ipstitute
Contact: -

Project Moaitor: Dr. K. C. Back, ASBMPT
Dates: Junuury 1902 = K vamber 1902

TMitle: Comparative Toxicity ui terylliua Compounds

To determine the ucute toxicity of wingle doses of BeF;, BeHy, BeClpy, and
BeOF. Antmmls vill be cxposced to beryllium compounds sr.d woriing arces moaitored
for comcentrations ! berylliva cospound..

Contract Mo. Prolcot T351, Tesx 73512 (9F)
Contractor: In Lousge

Contact: A. U, heleen, R. T. Ault
Project Monftor: -—

Dates: veaploeted

Title: Mochanical Pruperties . Berylliiua

Nechargcal propertics off %au lots of beryllium were detenuined. Une 1o
ws hot precsed with a iw0 cuntent of 1.4%% and tre other 15t wus kot pre:sed
ard extruied and contained 1.%%% RAeu.  The hot pressed-bdot extruded material
vas uniforaly stnnc-7. :run e desion atandpoint, batdODINGA Bbdeihl Ak-
hibited their bLeatl Lena: (.o .uwl higher etroenglh wnder fatigue loading comditions,
and ajpcar %0 be veaker® undor static losding comditions.
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Contract No.
Contractor:
Contact:

Project Monitor:
Dates:

Title:

Contract Mo.
Contractor:
Contact:

Project Monitor:
Dates:

Title:

Contruct MNo.
Contractor:
Contact:

Project MNonitor:
Dates:

Title:

Contract No.
Contra tor:
Contact:

Project Moaitor:
Date::

Title:
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»~18

Not given; In House
Aerojet-General Corporation
D. G. Vartin Shookoff

Developeent and Testing of Beryllium-Containing Propellants

Not vet assigned (USAF)
Atlantic Research Corporation

Not yet started
Production of XM-85 Motors

In House
Hercules Powder Company
J. N. Muin

Developaent of Beryliium-Containing Propellants

Lockheed Missile and Space Company
D. J. Levy

The Electroiytic Poiarization of Beryllium

Anodic and cathodic polarisaction bebavior of beryllium wvas evaluated
in a number of unstirred aqueous solutions. MaCrOh vas an effective

cathodic polarizer over a broad range of current densities.

Activation

and sttack occurred in the presence of C17, €104, I, rad 80,

Contract No.
Contructor:
Contact:

Project Momttar:
Dates:

Titie:

Contract No.
Contractor.
Cwras~t:

Project Monitor:
Datcs:

Title:

In House
Korth American Aviation, Inc., Rocketdwvne Divigion
Charles Herty

Davelopmunt of High-tnergy Be:ryllium-Coataining Prcgellants

In Ruuse
Thiokcl Cheatcal Campany
Ernte Sutton

- CONFIDENTIAL

Develojaent of Beryllimm-Coatsining Propsllamts
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68. Contract No. " DA Project No. 5~93-32-001
Contractor: Watertown Arsenal Laboravory
Contact: Dr. Kenneth Touer
Project Monitor: G. A. Darcy, Jr.
Dates: -
Titla: Thermal and Electricul Conductivity of Irradiated Berylliuam

T0.

and Transition Metuls

To determine the effect of neutron irradiation on metals (beryllium and
transition metals).

Contract No. DA Project No. 551-02-004 (TB5>=5)
Contractor: University of Chicago

Contact: C. C. J. Roothan and B. J. Rancil
Project Monitor: Dr. H. Robl

Dates: -—

Title: Advanced Epercy Transformation Systems

Efforts will be directed to quantum~mechanical calculation of the ¢nergies
and other properties of certain diatomic molecules in their ground states and
excited gtates, to provide a hasis for the determination of the thermodynamic,
transport, and kinetic propertiss of these molecules. Calculations will e
undertaken on the diatomic oxides, halides, and hydrides of the light met:ls,
particularly LiF, BeO, BN, BeH, and LiH.

Contract No. DA Project No. 599-01-00k (TB2-0001)
Contractor: Untversity of Califcrnia

Contact: Jamss R. Arnold

Project Mopitaor: Dr. H. Robl

Dates: Terminated June 1961

Title: Exploratory Basic Research

To investigate problems in geo%emiatry uging radicactive trecer tech-
niques. Studies will be made on Be"” and beryllium geochemistry, trace elements in
the ocean, new natural rudiouctivities (c.g., Mn53) natural radicactivities in
meteorites, and nﬂ‘ chemica) and instrumental methods. Efforts will be made
to develop the Be*V dating method and to explore the possidility of obtaining
approximate dates using the most plausible geochemical model. It appears pos-
gible t0 measure cosmic ray intensity variations averaged over a period of one

billion years to 10 to 20%.

CONFIDENTIAL
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71. Coatract No. DA-01=021-0RD~5135 and DA-01=-021~ORD-11678

Contractor: Rohm & Huiaus Company

Contact: -—

Projcct Monitor: -—

Datcs: -

Title: Advanced Solid Properties Ceramic Nozzle Evalustion

Program

Standardized tests were made to evaluate on a relative basis a variety
of rocket nozzle throat insert and eapansion cone materials. The materials
vere tested for appraximately 9 seconds wvith « high-energy, aluainised, solid
propellant having a calculated flume temperature of 6650 ‘t apA burning at a
charber pressure of 700 to 900 psi. Nozzle throat insert materials tested
included graphite having a density renge of 1.63 to 2.00 ;-c.l'3, a0lybdenus,
tungsten-al minum oxide cermct, tungsten—-beryllium oxide cermet, fused silica,
and silicon-nitride-booded silicon carbide.

T2. Contract No. Dé~19=-020-~-GRD-4829
Contractor: Arthur D. Little Inc.
Contact: -_—
Project Monitor:  Alfrcd Buchler
Dates: Pebruary 26, 1999 - February 25, 1962
Title: Kigh-Tespersture Thursodynamics of Light-Metal Compounds

A study vill be made of the high-tempeveture vapor-phase thermodynamics
of metal-oxygen-hydrogen systeas, the nature of tLs vapor systems present,
their heats of formation, and their equilibria. I particular, the research
vill {nclude such studies on licht metals such as T4, Na B No 2232 A0,

4

CONFIDENTIAL
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contract No.
Contractor:
Contact:

Project Monitor:
Dates: -

Title:

psearey Supsort.i. by the U, S, Navy

NOxd-1535, -168k2, ~17879, -18759, und -18TT1

Atlantic Rossurch Corxporation

J. . Grover, J. H. Wilgson, K. E. Rumbel, M. L. Rics,
P. 8. Shane, and A. Sloan

Research and Development Programs in Fields of Solid
Propellants and Interior Ballistics

Tre mjor phases arc (u) propellant research and development, (b) inert
materiuls for rocket motors, (c) rocket engineering and development, and
(d) cngincering consulting services.

Contract No.
Contractor:
Contact:

Project Monitor:

Dates:
Title:

NOrd-16540

Allegany Builistics Laboratory
Dr. R. Steinberger

S. J. Matesky

Development and Evaluation of High-Temperature Materials
for Rockets

Materials are beir_ .valuated for chawber insulation, Jjetavators, and

nozzle inserts.

Also for Polaris Second-Stage Program. Advanced Propellant

Systems: calculations vere made of theoretvical Isp obtainable by using
lithium, boron, or beryllium in both hybrid rockets and in dcuble-base

propellants.

Contract No.
Contractor:
Contact:

Project Monitor:
Dates:

Title:

Contract No.
Contractor:
Contact:

Project Monito:r:
Dates:

Title:

NOrd~-18039
Nutional Beryllia Corpcration
Bugene Ryshkewitch

Completed
Development of Tungsten—Beryllium Oxide Rocket Nozzles

NOra-18688
Minnesota Mining and Manufacturing Corporation

Advanced Solid Propellants

CONFIDENTIAL
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81. Contract No.
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NOv-62-0592-¢

Contractor: Matioual Beryllia Corporation

Contact: -—

Project Monitcr: -—

Dates: -

Title: Fabricst fon of Beryllium Oxide Ceramic Experimental Radomes
82. Contract Mo. FRMA 02-056/212

Contractor: favul Ordnance Labdoratory

Contact.: P. ¥. Erickson

Project. Momitor: -

Dates: -

Title: Beryllius Wire Wound Composites

Objective 1is to develop and study the propsrties of composites employing
high-strength beryllius vire and cpoxy resins. Evaluatiocas of properties
wvill bs made by NOL ring test commonly esmployed to test glass-fiber-resin
composites. Applicaticns are not yet identified.

CONrIGEN TN,
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Bescarch Supported by the Y. S, Atomic Enorsy Comaigsion

Contruct Bo. AT-11-1-CEN-C
Contractor: North American Aviation, Inc., Atomics International Division
Contact: -
Project Monitor: -
Dates: -—
Title: Corrosion and Activity Trunsfer in the SRE Primary
Sodium System.

Testing of stainless steel, zirconium, and beryllium exposed in the
hot cnd cold legs of a bypace loop (sodiuns is in progress. No mention of
beryllium test saxple results.

Contrzct No. AT-11-1-CZiH-8 .

Contrucior: © -~ North American Aviation, Inc., Atomics International Division
Contact: J. D. MeClelland

Project Monitor: ]

Dates: —

Title: Kinetics of Hot Pressing

The effect of tempercture and pregsure on the rate of beryllia powder
compacts was obtained experimentally. The pressures ranged from 1000 to
2000 psi, the temperatures from 1200 to 1700 C, and the time from 15 to
240 min. The diffusion of Be in BeO was measured as a fruction of tempers~
ture. ‘

Contrart No. AT=11~1=T73

Contructor: University of Missouri

Contact: M. E. Struuninis and W. J. James
Project Monitor: -—

Dates: —

Title: Corroesion of Nuclear Metals

It is the purpose of this study to determine the basic reactions of
‘dissolution, the rates of dissolution, the effect of added salts, und the
extent of polarizatica, all as related to the behavior of metals (Hf, 2r,
Ti, Be, U, Th), their oxides and nitrides in hydrofluoric and other in-

organic acids.

CONFIDENT!IAL
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Contruct No. AT-30~1-1565
Contractor: Nuclear Metuls, Inc.
Contact: A. R. Kaufmunn
Project Monitcr: —
Dates: * July 1, 1960 - June 30, 1961
Title: Fundamental and Applied Research and Development in Metailurgy:

Stability of the High-Temperature Bata Fhase in Beryllium
and Beryilium Alloys

Studies of this high-temperature phase were lower on differential thermal
analysis as applied to alloys of De with Ba, Ce, Co, Cu, La, Mn, Pt, Ag,
Ni-Co, Mi-Pe, Ni-Cu, Ni-Co-Fe, and Ni-Co-Mn. Beryllium regions in the Be-Co
and Be-Cu systems were well establighed.

Coatract No.. .. . AT=30-1-1565
Contractor: Nuclear Metals, Inc.
Contact: R. N. Randall, D. M. Dovies, J. N. Siergie), and

P. Loewenstein
Project Monitor: —
Dates: Completed

Title:. Fundamental and Applied Rescarch and Development in Matallurgy:
Extrusion by Hydrostatic Fosssure

Conducted experimental work on the extrusion of metals by use of a fluid
undcr hydrostatic presswra. Experimental extrusions were made from a container in
vhich the billets were surrounded by a fluid under hydrostatic pressure. Copper,
aluminum, mild steel, yttrium, and beryllium billets verc extruded at room
temperature at various reductions. Attempts to extrude at 900 F from a con~
tainer filled with 1iquid lead wvere unsuccossful because of the fuiiure of the
containers at pressures greater than 100,000 psi. The pressures required
for extrusion of copper and aluminum were approximatcoly the same as were
required for extrusion by conventional means.

Contract No. AT-30-1=-1565

Contractor: Nuclear Metals, Inc.

Contact: -

Project Monitor: —

Dates: Current

Title: Beryllium Purificatin and Deformation Studies

Primary cmphaszis is on getting distill 4 metal into rod form vhich ias
then uone refined as a purification techniq.. This program differs from the
Air Force program in the manner of testing products.

CONFIDENTIAL
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Contract No. AT=33=3-70
Contractor: Tre Brush Beryllium Company
Contuact: W. W, Beaver
Project Monitor: -
Dates: -
Title: RHigh-Teaperature Intermctaliics
Contract No. AT-30=-1-200
Contractor: General Nuclear Engincerir; Corporation
Contact: -—
Prciect Monitor: —_
Dates: -—
Title: Gas Cooled Reactor Project

Production of helically rimned beryllium tubing by cxtrucion, isostatic
pressing an? Dyrapuik Zormirg is described. Program was not completed due to
de-emphasis of reuctor sys

Contract Mo, AF-38-1-200

Con*roctor: Sylvania Electric Iroducis, ann.

Contact: I. Steinhartez

Project Monitor: —

Dates: Completed

Title: The Tabrication of Beryllium by Fct Isostatic fressing

ana by Impact Extrusion

The fuasibility of proaucin; finned beryllium tubing by the hot isostatic
pressing meilhed wvas demcn. rated  Oniy a minimum of machiaing was required
on the pressed shupe. bLynd; . extrusion of hot and cold pressed beryllium
uillets is also described. Mechanical properties woeve derendent on the
extrusion temperature und impuct density.

Contract No. AT=l0=1eia) 2

Contractor: The Brush Beryllium Conpany

Contact: W. V, Beaver

Project Monitor: -

Dates: August 1yoe

Title: Fabiricaticn of Finned Beryllium Tubing by Warm Extrusion

and Druwing

Program wus initiated to fabricote tubing for the Florida Gas-Cooled
Reactor.

CONSIDENT AL
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93. Contract No. AT-45-1-1350
Contractor: Generul Elcctric Compuny
Contact: J. Codwell
Project Monitor: -—
Dates: -
Title: —

A Zr-2-5 ufo Be bruzing alloy has been evaluated for use in joining
2x-2 to uranium as applied to the NPR. Also at Hanford magnetic force
welding of beryllium cnd closwres (tubes) has demonstrated promising
results. Both quqlopm;xts are part of a major general coatract.

9%. Contract No. Y=ThO5~eng-26
Contrauctor: Union Carbide Company
Contact: —
Project Monitor: —
Dates: —
Title: Gas-Cooled Reuctor Progranm

The reaction of Be with VC wus investigated us a part of the ORNL long-
range applied metallurgy eftort. At 1000 C extensive reaction was noted.
Computibility of beryllium and BepaC with wet CO2 is being investigated to
resolve the unpredictable naturz of beryllium corrosion. The inspection of
finned beryllium tubing and mechanical properties of tubing up to 700 C are
also being studied. In-pile stress rupture evaluations are also included.
Welding by tungsten arc and clectron beam as applied to beryllium fuel
agssemblies ic also in progress.

95. Contract No. W=740OS~eng-26
Contruactor: Cok Ridge Nativhul Laburalury
Contact: -
Project Monitor: D. A. Douglas
Dates: July 1, 1959 -
Title: Testing of Beryllium In Pile

To study the effects of irradiation on the structure and strength of

beryllium.
96. Couutruct Ko. W=T405~eng-26
Contractor: Oak Ridge National Laboratory
Contact: -
Project Monitor: D. A. Douglas
Dates: July 1, 1959 -
Title: Multiuxial Creep Studies of Beryllium Tubing

To determine the effect of multiaxial stresses mm‘um

on the creep end fracture of beryllium,
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Contruct No. U=T405=cri5= 40
Coulrector: University of Califorinia
Contact: -—
Projecct Meaitor: -
Dates: -
Title: Toermul sipunsion of High-Tempurature Materiuls
Contract No. U=ThO5=en ~02 (U=Th( -en-26 Subaccount No. 2029)
Contractor: Buttelle lwmorlul Institute
Cuntact: E. S. Hodge
Project Monitc:: -
Dates: -
Tille: Preliiinary Studies of Bonding Beryllium Clad W, Fuel
Elcxents

Solid-st...e bonding puramcters, surfuce preparation methods, wnd come
Patibility cf teryllium with Wo were investigated. Grit blasting and abraded
surfaces yiclded swiuace reerystallization during bonding at 1550 vo 1650 F
at 10,000 psi. Curomium and pyrolytic c.rbon coatings for U0p were foannd
most eftective in preventing reaction.

Contract No. In House

Contractor: W AEC

Contect: -

Project Monitor: -

Dates: -—

Title: Welding wnd Brazing of Beryllium

Develop clousurcs for tubulur fuel elements. Investigutions of fusion
velding, and development o brazing alloys, have been initiated.

Contruct No. -

Coptr.ctor: liorth American Aviation, Inc., Atomics Internaticnal Division
Contuct: Dave Sinizer

Project Monitor: -

Dates: -

Title: -

As u part of the SNAP progrun, beiylliun i1s being used in & reflector
control mechanicm.

Contruct No. -

Contructor: University of Californiu, Livermore
Cuntact: K. 0. Cumplell

Project Montvur: - -

Dutcel: -

Title: A Suady of Beryllium Bapogure ut o }uclbm Bv *eXty
Test Faellity 1 E’N i

Berylliwg {ncluded in high=explosive aseowblies to Vaporizcd, oxidized, end
viaoly dioperged on detonalion.  As a resuii ol disperval by wind and atr currents,
the remaling beryllium 1o confined within u fow hundired feet of the firing point.
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Contract No.
Contractor:
Contact:

Project Moaitor:
Dates:

Title:

Contract No.
Contractor:
Contact:

Project Monitor:
Dates:

Title:
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”
iuaewoh Suoported Ly NASA

JPL 950227
Atlantic Res
John F. Now' .a
barch 152 -

Corporation

krograr on Combustion Efficiency

JPL 950097

Atlantic iesearch Corporation
T. O0'Donncll

John #. Newton

Aucust 1961 - June 1962

Sphericul Higa-Energy Solid-Propellant Rocket Motor

Working or 1T7-inch spherical motors with design atudics for larger

apherical motors.

Contract No.
Coatractor:
Contact:

Project Monitor:
Dates:

Title:

NAs 8=1547

Armour Research Foundatior
R. F. Havell

Y. Baskin

Electric Insulatore for Very High Temperavures

CONFIDENTIAL
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UTILIZATION OF BERYLLIUM IN CHEMICAL PROPULSION SYSTEMS (C)

M.T. Lyons
Solid Propellant Information Ageacy
The Johns Hopkins University
Applied Physics Laboratory
Silver Spring, Maryland

I. INTRODUCTION

The following analysis is narrov in ihat it compares deryllium
with the contempcrary propellants which contain sluminum, and does not consider
alternative, advanced propellant ingredients. This approach i{s felt to be
justified, however, because of the advanced stage of development of beryllium
propellants relative to compsrsble high energy systems. These competitive
formulations suffer from one or more of the following defects: incompatasbility
of ingredients, thermal instability, inadequate physical structure, burning
rates incompstible with present grsin design, chemical serns tivity to the
atmosphere, and susceptibility to explosion o1 aetonatica. Beryllium propel-
lants are no more deficient in thesc respects than conventional ammonium per-
chlorate-binder-aluminum propellants, and ure therefore several years shead
of competitive and superior performance solid systems.

II. BACKGROUND

The current solid propellants employed in high performance missile
systems consist of 40% to 75% ammonium perchlcrate, 15) to 231 sluminum, and,
either an "inert" rubber binder or a nitrocellulose-based, hlsh energy collutidal
binder. These systems have densit{ies of 0.062 to 0.065 1b/in”, and delivered
specific impulse values between 245 to 248 1bf-sec/lbm at standsrd conditions
(1000 psi chamher pressnre exppengion to 4.7 55i).

On a theoretical basis, beryllium has been known for many years
to de preferable to aluminum as a propellant ingredient in certsin applications,
but it has only been in the last two ycars that confirmatory experiments have
been periormed at Atlantic Rcsearch Corporaticn and Aerojet-General Corporation.
Specific impulse values as high as 255 lbf:scc/lbm have been obtained for
formulations with densities of 0.059/1b/in”. This marpin of superiority ot
beryllium propellants incredses at nigher altitudes.

11. LIMITS O APPLICATION

The following three factors have played a significant role in
limiting the applications of Leryllium-contsining solid propellants, toxicity,
cost, and denraity.

DOWNGRADED AT 3 YEAR INTER-
VALS; DECLASSIFIED AFTER
12 YEARS.
D DR 5200.10
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A. Toxicity. Beryllium anu berylliuvm uxide toxicity have
sevevely curtsiled the interest of both the Army and Navy in the use of these
propeilants. Ths predominant missions of both Services entzil *he field
handling of the moturs, and pressent some threat of exposure of personnel to
the rocket exhaust. NASA and the Air Force, hovever, have sany space and high
altitude missions, for which beryllium motor upper stages could be employed.
Nevertheless, there are toxicity problems associated with the development and
production of deryllium-containing motors, and there is the ever present
chance that a booster abort would result in the destruction of thc upper stages,
spreading high concentrations of beryllium and beryllium oxide over a populated
area. In the case of the Alr Force, the Office of the Surgeon General has had
a strong tempering influence on the enthusiasm for beryllium propellants.

B. Density. Aside from toxicity consideratioms, the low demsity
of beryllium propellants precludes their use in large solid propellant booster
motors. Propellants containing sluminum are unequivocally superior for this
application. However, the significance of propellant density diminishes
rapidly with successive stages of the missile, and beryllium generally has a
performance advantage over aluminum in the second and later stages.

C. Cost. The cost of the finely-ground beryli{um (17 micron or
less particle size) presently used in propellants is $55 to $80/1b. The cost
of the ingredients for a conventiocnal solid propellant is $0.60/1b. There is
no difference in the processing technique for the two types of propellant,
but there would be sdditional costs wssociated with the toxicity hazards
contiols that would be required in the beryllium process. In many milicary
aissions, the size of the missile is fixed by previously stipulated storage
and handling requirements (e.g., Minuteman silos, Folaris submarine-launching
tubes), and any performance improvements must be made by tajloring o. bardware
weight and/or upgrading of propellant performance. Thus the cost of a beryllium
propallant might be justified in many instances. NASA does not, of course,
have the same incentives for using beryllium, but there will certainly be times
when NASA persunnel will find it less expensive to load existing hardwarce
wvith beryll{um~contsining propellant than it weculd be to design and produce &
larger motor to perform the same mission.

IV. PRESENT APPLICATIONS

A. Atlanti Rescvalih Zorpuiatfon - The Atlantic Resear:h Corpora-
tion presently has & contract from Jet Propulsinn Laboratory for the develop-
ment f a 17" spherical motor, and the loading of between 20 te 30 of these
wotors with berylljum propellant. This contract also requires the design of a
Jo6' spherical motor, but the decision to produce and load this motor with
beryllium-containing pronellant pends the outcome of the 17" motor studies.
Each 36" spherical motor would requive 180 lbs. of bervllium.

Ir addition to the 17" motor loadings, Atlantic Research has
contracted to load a miscellaneous series of motors {or Naval Ordiance Test
Station with beryllium propellant. The estinated beryllium requirement for
these two programs is 1200 lbs. over 'he next year.
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B. Asrojet-General Corporation. Aerojet presently has a contract
with Edwards Air Porce Base for the production of three wotors containing 520 lbs.

of beryllium-containing propellant each. This motor is designed as a substitute
for the fourth stage of the present Scout vehicle, but the three motors ars tc
be static tested rather than fi{ght fired. This proxram will require approxi-
mately 350 lbs. of beryllium,

Basides the aforementioned formal progrems, it is certain that all
solid propellart manufacturers are evaluating or will be avaluating beryllium
in their propellant formulations on & propriestary basis. In addition,
studies are presently being made of the ignition and combustion mechanism of
beryllium and its slloys with metals such as zirconium and aluminum. These
studies are directed towerd the {mprovesent of beryllium combustion etficiency.

V. FUTURE CONSIDERATIONS

Performance calculations have been made for beryllium-containing
propellants in both the Polaris and Minutemsr systems. Since the Polaris A3
propellants have slresdy been selected, the chances of beryllium being used
ic this misaile are negligible in the foreseeable future. If beryllium were
subatituted for aluminum in the secoud stage of the Polaris A3, a range
improvement of 8% would be achieved. Each second stage Polaris motor would
require approximately 1,100 lbs. of berylliuam.

In the case of the Minuteman, a ting Il advanced versjion 1s
presently under consideration. By employing beryllium propellant in third stage
only (540 lbs. of Be/motor) an increase in range of 15X can be achieved.

Current indications are that beryllium 4ill not be used in Wing Il Minuteman.

A far moxxre tenuous and embryonic conception is the application of
beryllium to iiquid propulsion ystems. The hichest pertormance chemical
systeo that is operational is the Hy-0, systea which yields 390 1bf-sec/lba
at a chasber pressure of 1000 psi with expansion to 14.7 psi. Under comparsble
conditions, the Be-Oa-np system gives & value of 458 1bf-sec/lba. This 18 the
highest specific impulse chemical propulsion system that can be conceived on a
thcoretical basis, with only the Hy-Fy (610 Ibf<nec/lbm) and Ha-Fy-Li
(437 1bf-sec/lbg) systems as competitors. However, the cevelopmental problems
associarted with the sy:tem are formidable, and 4 conservative estimate of 10
years will be requived to prove the feasibility of this concept. Atlantic
Resear.h and Aerojet-General presently have contracts to study the -ombustion
etficiency of alurried metals wvith liquid oxygun. Additional piolilems that
wusl be surmounted include the pumping and injection of metsal slurries, and
high temperatire swtor component development.

A sericus development effort 1s presently wnderway to evaluate
the hybrid provulsion concept. Conventionally, this system consists of a liquad
vxidizer coupled with a solid ruel grain. If thus system is proved desirable,
beryllium is one of the logical candidate« as the tucl element, The advantagcs
and disadvantages cited previously for beryliiua {n sclid propcllants ai¢
cqually applicable to berylifum hybrid formilations.
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Barylliua has also been co~ ‘dered as ap ingredient in systems
with fluorine as the oxidizing elememnt . 1er than oxygen. Recent therso-
chemical data indicates that boron and lithium are superior fu:ls for . uese
applications.

CONFIDENTIAL

Studies are also being made of the synthesis and propertics of
beryllium hydride. Present indications are that due to low density, beryllium
bydride is not competitive as & propellant ingredient.

VI. Ssaxy

The substitution cof beryllim fo: sluminum in present-day propel-
lent systems offers definite performance advantages with minimum changes in
propelisat processing, stability, and burning characteristics. These attrac-
tive fsstures are mitigated and circumscribed by the disadvantages of toxicity,
density, and cost. The early state ot development of beryllium propellants
precludes & quantitative assessment of their future ucilization. It is cer-
tain, however, that beryllium will dbe given serious contideration for all pro-
grams that entail the development of high altitude solid wotors.

Looking further into the future, preliminary consideration is
being given to use slurried beryllium powder in propulsion systems with liquid
hydrogen and oxygen as components.
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THE USE OF BARYLLIWRt IN RADIATORS FOR

|
!
r
t

SPACE POWER SYSTRMS
By
James H#. Diedrich
Research Ex.gineer, Flow Processes Branch
NASA Lewvis Research Center
INTRODUCTION

The basic purpose of this discussion {s to set forth NASA's interest in the
use of deryllium in radiators for spsce power systems. In order to establish a
uniforn frame of reference, the basic rasdiator prodblem will first be defined.
The epecific arsas ot spplication for beryllium wil] then be iudicated and finally,
the rsulting prodlems vill be tabulated. The data from which these coaclusions
were drsw ware developed in the Fluid Systems Components Jvision at the Lewis
Research Center in Cleveland, Chio.

AASIC REQUIREMENTS

The ma jor advanced space Nissions demand large smounts of eisctric pover.
This power will be used for both propulsion and suxiliary requiremencs. Tha
level of operation for such advanced systems {o in the range of 300 to 20,000
kilowatts end the pover generating equipment must eabody three bestic requirements.

(1) Lowv apacific poverplant weight in pounds per kilowstt output.

(2) Capabl: of lonyg tinc-unuttended operatisi., up to & year or more.

(3) Must dc capable of both startup end operation in & “zero-grevity”

enviromment.

The need {or low specific poverplant weight {s eaphesized dy figure 1. Thise

figure shows Lhie relation between the raiio [ payload weight to totsl mverplent

wight plotted against the trip time in days. These curvel(ﬁr\jﬁ[. rip
) SERYIAL

Lo drs but sumular cugves exist for other missions. The trip time i8 {ixed
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initially by the ratio of paylosd weight to tutal powerplant weight. The trip
time is reduced drastically by a lower value of powerplant specific weight. High
trip times, howvever, would mean incresased rec'irements on component relisbilities
and increased probability of meteoroid damage, therefore s minimus weight ts
dasirable.

To achieve the lowest value of spesific powerplant weight, two aystems are
favorable at the higher power levels. These are the resctor-thermionic system
and the resctorsturbogenerator system (fig. 2). The balance of my remarks will
be confined to the reactor-turhogenerator system but the rsdiator is a common
component in each s stem. The chief differcnce being in the radistor tasperature:
the turbogenerator systes produces optimux seights with a radiator temperature
betveen 1200° and 1400°F vhile the theratooic-emttter system requires radiator
temperatures froma IWO to 2000°P. The t  /llium application is visualized for
the 1200° to 1400°F rediator.

The basic power cycle is shown {u figure 3. It consists of the components
arranged as showm. Tix cycle shown is a Rankine cycle having an slkal{ metal
vapor as the working fluid (i.e., potassium, rudidium, sodium, cesium, or lithium).
Such cycles have low tharaal efficiencies and require large amounts of waste heat
to be rejected. This brings us to the statemert of the "basic radiatcr probles.”
Thas is briefly stated in figure 4. IiLe= 3-B-Vulne-ability to meteoroid damags -
is Lhe area wvhere our interest for beryllium t1-s. BRaryllium thecoretically
Produces the lowest wveight sreor for a piven suce.ss probability.

The radiator arcas required by such systems are very la.ge. Figure 5 emphas-
{zes this point. This ts & picture of the configuration & Mars vehicle might

take. The creiv is 600 tcet long snd the radiatur =vasures JC feet wide by IO

feet tung. CONFIDENTIAL
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Many other schemes f~r rejecting the wacte heat are deing coasidered and
these are shown in figure 6. These are the so-called "monfluid” radistors and
they reduce the prime ares requirements through s continuous scving belt. However,
the basic mode of waste beat rejection is still by radiation. Ihe prodles of
protection against mateoroid penetration still remains.

Returaing to the "fluid radiators,™ the basic fin end tudbe comfiguration is
showm in figure 7. Rasically, it -onsists of many parallel rows of tubes carrying
the vapor. Attsched to these tubes ar: additiomsal beat radiating surfaces cr
fins. Many geometries are possible and a fev of the possibdilities are showm.

Utilizing the basic fin-tube comfigurstiom in & vadistor panel, results {n a
structuce simflar to figura 8. 3Some typical dimeasions for (we separate power
levels sra tadulated {n the tadle on page 96.

The remaining colusms (Sublimatiocm and Ultimste Twnsile Strength) list other
considerations in the selection of materials. The indicatiou 1s that berylifum
bas a temperature liwmitation insofer as sublimation and ult{imate tensile streagth
ars concerned.

The comparative specific radiator waights for some selected materials ara
shown {n figure 13. This curve pointe up the welght advantage offered by
beryllium and .t the same tine the need for operating the radiater ia the 1200°
to u.oo°r range. Higher tempeiatures would exclude beryllfum from consideration
and ma.e it necessary to design with pyeslytic graphite or even molyddenum.
columbiun, or tsntalum. Thes: materials have disadvaniages in fedTication and
vafight.

The final tabulation (figure 1¢) iisgts the problea arces assnciated with the
application of deryiliva. ltems (3) and (b) .ndicate the dtfliculties anticipaied

o

( ‘\_ H t ! [ :
in bonding and jotning and application of berylliua arvor. \IE-N& U(is rﬁo’nz‘\t
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important, since the consideration of deryllium i{n the design is based principally
on its stility to resist meteoroid penet: .ion. One of our current resesrch areas
is the experimental verification of this property at temperature.

Items (d) and (e¢) list the possible problems vith fatigue and corrosion
resistance.

Item (f) indicatas a prime area of ruce-tainty .ince the low elongation of
beryllium makas ft extremely difficult to use in a dasign. Structural loads must
be predicted with great accuracy 83d the bdehavior of the material under loads must
be knowm with equal or greater accuracy.

Item (g) indicates considerations of "off-design™ operation and lists some
possible prcblem areass.

CONCLUS 108

The prima {aterest in beryllium {n radiators for space poseTl sy items stems
from its theoretical resistance to penctration by sesteoroids. Beryllium radiator
designs produce the lowest specific weight (1b/kvw) i1a the 12000 to uoo°r tempears-
ture vames, Mowgver, thisc theoretfcal | asibiiicies must pe borne out eaperi-
wentelly and a destgn technology for low elnngaticn msteriais, such as deryllium,

wust be developed.

COMFIDENTIAL
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- Fin and tube radistor.

Pigure 3.




1.

2.

5.
4.
5.

6.

7.

MATERIALS CONSIDERATIONS

A. MECHANICAL STRENGM™

INFR)IAL FLUID PRESSURE - GENERALLY LOW
S T0 30 PSI)

THERMA®. STRESSKS - TEMPERATURE QGRADIENTS IN PIN;
DIFFERENTIAL EXPANSION, COLD TUBE IN BANK

THERMAL SHOCK STRESSES - BAD DURING START-UP

FLEXURAL STRESSES - UNFOLDING SCHEMES

VIBRATORY STRESSES - POWXKRPLANT VIRDIATIONS AND
VEHICLE MANEUVER; UNKNOWN MCDES, FRRQUENCIES,
AND AMPLITUDES

CREEP RATES - RELAXATION; DISTORTIONS

NEEN RMA%‘!‘ORIES P(D‘P. STRENGTH PCR
6 1800
T > 1600° 10 00~ F m
Flgure 9
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B. CORROSION
1. COMPATIBILITY WITH ALKALI METAL FLUIDS
2. DIFFERENT FLUIDS NEREDRD gOR 15 PSI
AS PRESSURE INCRRASES 1400 " P - PCASSIUM
WITH TENPERATURE 160G. P - 3ODIUM

2400° F - LITHIUM

7 ]
.

BIMETALLIC SYSTEMS
4. LONG OPERATING TIMES
5. LINITED DATA - NEED REFRACTORIES >1600° T0 1300° F

C. FABRICATION AND BONDING

1. FIN AND TUBE JOINT - BIMETALLICS; JOINING METHOD;
JOINT STRENGTH; THERMAL SHOCK.

2. ARNOR SLEEVE OR BUMPER JOINT - TUBE AND PIN

3. TUBE AND HEADER JUINT - THERMAL AND BENDIMG
STRESSES

4. SHEETS OF LARGE SURFACE AREA OR IENOTH
Figure 10

JoiR 1 IV
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D. SUBLIMATION

1. MATRRIAI. LOS3 IN VACUUM INCREASES RAPIDLY WITH
TFMPERATURE

B-1720

E. RESISTANCE TO METEOROID PENETRATION AND DAMAGE

F. EMISSIVLTY COATINGS

1, GOOD LOND - NO INTERACTION WITH BASFE MATFRIALS
2. LOW VOLATILITY IN VACUUM
3. RESIST ABRASION AND OTHER LONG-T1ME EFFECTS

4. METHOD OF APPLICATION - LARGE SURFACE AREAS
S-2211

Figure 11
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POSSIBLE PROBLEMS WITE EERYLSIUM

A. BONDING AND JOINING - GOOD THERMAL CONDUCTIVITY
ACROSS JOINT, DIFFERENTIAL THURMAY, EXFANSION,
DIFFUSION STABLE JOINT AND COATING.

B. APPLICATION OF ARMOR TO FULL SCALE RALIATOR.

C. LONG ‘YERM EFFECTS OF TEMPERA'TURY AND VACUUM ON
CREEP, DUCTILITY AND SURFACE ZVAPOR4TION, -
RETENTION OF METEOROID PENZTR *7ION PPESISTAMCE.

D. PATIQUE RESISTANCE - CRITICAL A" CUiINT AREAS.,

E. CORROSION RESISTANCE WITH LI .JX) Y3TA'S.

F. DESIGN FOR NMINIMUM RESTRAINT.

G. EFFECT OF OFPF DESIGN CONDITIONS - STARTUP, HIOH
TEMPERATURE, VIBRATION, PLUGGID TUE, METEORCID

HIT.
CH-230383%

Figure 14
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