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MATERIALS FOR SPACE FLIGHT

Tais lecture discusses the spectrum of thermel snvironments and

functiocnal requirements for materials used in space vehicles.

T™wo major criteria emerge: &) a desire by designers to operste

meierisls at the highest permissible tempersture and b) the

neceseity to minimize the structural weight. Future possibilities R
in materials are investigated in these catagories: For maximum ] ST
tesperstures the metals, carbon and carbidss are studied, whils o
for minfmum weight requirements fibered materials - for teanzion

elements ~ and beryllium, - for buckling components - are dis.

cussed. (See schematic Fig. 1l.) Improvements in perfcrmance

of space flight vehicles are listed, as afforded by the advanced

mterials studied. Topics for resesrch in each material ares

arc offered.

INTRODUCTION ]

The age of space flight will demand huge advances in all technological
fields, and the technology of construction materials for spece vehicles will
have to undergo Jjust as vast improvements ss all the other fields. |

It is tempting to think in fairly conventicual terms of the building

materials of which vehicles will be composed, since quite passsbie vehicles

ISRy

vith limited capabilities could be designed today, using present-day msteri.
als, as in the Explorer. But if we deliberately ilook beyond today's meteri-
als, as we vill try in this presentation, and if we spaculate uninhibitedly

1n'future poseibilities, s host of significant improvements miy be uneovered.

Indeed, our speculation, a touchy business at best, did reveal that many

superior materials cculd be developed with & little imagination and a lot of
villingnese to take risks in matsrials research.

San geperalisations emerge from the muititude of requiremsnts that
determine the choice of utemh for & vohieh. The thermal envircament

.
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THE THERMAL ENVIRONMENT

Low temperalure regime
Ambient temperatures
High temperature range

Steady state heating
Transient heating

Uncooled
Cooled

'MATERIALS FOR HIGH TEMPERATURES

e

Metals /

]
Carbon ——— //‘

Compoun :’”"M

Normal environment
Nuclear environment
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~ FUNCTIONAL
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- Tungsten

Compgsite
materials

Carbides

Beryllium

MATERIALS FORTHE MINIMIZATION
OF WEIGHT

Tension components
ki mponent
L;/’/ Buckling components

Miscellaneous

Transparency
Corrosion—erosion
Thermodynamics
Maximum visibility

Fig. | —— Environments, requirements and some future
possibilities for construction materials
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of the material is of primfy conslderation: temperature regimes, tempers-
ture histories and tempersture gradients influence most radicall;;r the
gelection of materials. In the lov-temperature regime (as for example for
liquid hydrogen tanks) fewer unsolved problems exist than in the high 7
temperature range experien:ced by the propulsion unit and in the reentry |
secticn; In the ambient temperature reglon, say between ~100°F and 200°F, Y
the meterials experience amassed so far permits relieble designs of such
structures as the cabin, some of the tanks and most of the equipment and
controls. '

Furthermore, within each regime, materisls choice is affected by the
time of expcsure. Steady-state {constant) heating, as in the powerplant,
18 handied by very d;fferent meterisle than transient (rapidly changing)
heating, as it may occur in the reentry structure. Filnally,the temperature
gredient within a material‘becoma an important factor, when the steadily
heated structure is cooled by some fluid. '

Ouce the thermal environment can be defined, the other design criteria —
the functional requirements - tend to fall into two broad categories: ma-
terials permitting the maximization of operating temperatures, and materials
pernitting the minimization of weight, These two classes of construction
materials will be the fileld for our following remarks, though overlapping

and of a simultaneous nature.

MATERIAIS FOR HIGH TEMPXRATURE

Metala, because of their strength and ductility, have been the preferred
materials of vehicle consetruction in the past. Their various degrees of
ductility permitted :reedom of design, a certain inherent mergin of safety

and ease of fabricet on. For contrast, metallic compounds — such as metal

Pr——

S AR

B O

- M R st Sem Pt v

.

¥



o)
T-1-5

carbides, oxides, nitrides, etc. — have mainly superior strengih at higher
temperatures accompanied by a lack of ductility. In this section metals and
compounds will be separately discussed, as vell as carbon, a most interesting
material with valusble properties intermediate between those of metals and
compounds .
Netals

The strength of a polycrystalline metal deteriorates most rapidly
around its recrystallisation tempersture. Furthermore this recrystallization
temperature (or softening temperature) is linearly related tc the melting
point as shown in Fig. 2 (Ref. 1l). Intensive metallurgical development
and the eppropriate alloying of a metallic element can ususlly accomplish a
rise in goftening temperature with a slight lowering of the melting point
88 shown in the shaded area in Fig. 2. In a fev instances polycrystalline
metals have been used at temperatures even higher than the softening tempere-
ture, within a few hundred degrees of their melting point, in the unstressed
state.

The best prospect for a messive metal for the highest temperature is
tungsten {chemical symbdl, W); it could be developed to withstand stresses
at continuous exposure to 3000°F end, in certain forms, mich higher. There
is some modest metallurgical work being done in tungsten alloying or addi-
tives, but little effort exists toward the alleviation of such problems with
tungsten a8 oxidation pesistance, or acquisition of the unusually high-power
equipment required for tungsten research.

Nature benignly bestowed upon us & low cross-section isotope of tungsten,

18h, in case we wish to use this metal where neutron absorption is not de-

w
sired. For mdditional good measure this isotope, (neutron absorption cross-
section: 2 barns) is also the most plentiful of the multitude of tungsten

e

oo
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isotopes, comprising 30 per cent of its natural occurrence.

Carben

Books could be written about the ancmalies of carbon (Ref. 2). It will

suffice to say that its basic nature is that of a non-metal, still displaying
o tantalizingly small degree of ductility. TIts very low density (0.06 1b/in3
against tungsten's 0.7 lb/ina), cannot be related to its high melting point
(6700°F against tungsten's 6170°F). Just to be different, its strength and

" modulus increase with temperature up to its recrystallization température

of 4500°F (see Fig. 3); and, in this vein of cooperativeness, it displays

& very low neutron absorption cross section.

A high epecific heat combixned with s high heat conductivity, in addi-
tion to the above properties, makes carbon an attractive materigl for
transient heating conditions — 85 a heat sink. A recent study by the NACA
concluded that a reentry nose cone of carbon ghould weigh slightly less than
one made of berylliium, aﬁd both the beryllium s&nd carbon cones would weigh

one-gsixth as much as one msde’of copper, the next nearest competitive me-

terial.

But let us not overlook the fact thet possible structural uses of carbon
are severely restricted by ite present-day low ductility, and unless this
ductility can be raised considersbly, it will be very difficult to put carbon
to sny extensive or massive application. A possible solution to this problem
mey be the development of compoeite materials: combinations of filaments or
films surrounded by a ductile matrix probably metallic. Such an arrangement
might retain most of the favorable strength-at-temperature characteristics
of earbon and significantly improve its available ductility.

Another noteworthy possibility with carbon has been the growth of fine

filsmentary crystals (comsonly called "whiskers") and of thin films of carbon,
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exhibiting tensile strengths several times higher than those of bulk graphite.
These "vwhiskers" may ho}_d’the ‘key to & vast enhancement in the strength of
grephite.

A dis'advantage of car’bon.is the way in which it reagita with oxygen snd
hydrogen. But success in solving theme problems seens p;saible with” surface
coatings or impregnation, in which case carbon would find noteble appli.
cations when exposed to high temperature gas flows, ss in the leading
portiona of a reentering body or in a rocket nozzle or vane.

Comounds

Carbides of metals tend to have higher melting points than the oxides,
borides, or nitrides {Table 1). Hafnium and t.a.mtalum carbides have the
highest melting point of any known substance, sbove 7000°F, but also have
l,uch undesirable properties as high density and large neutron absorption
cross section. On the other hand zirconium carbide and columbium carbide
have half the density end one-hundredth of the sbaorption cross section of
HfC and TaC, but a&lso have a lower melting point, around 6400°F.

Ceramics, such as the carbides and oxides, do not exhibit any plastic
deformation when stressed at the rates encountered in structural practice.
After meticulous surface preparation, and at extremely low streass rates,
Professor Barl R. Parker of the Univeraity of California has induced plastic
flov in magnesia (Mg0), but only in fresh.cut crystals and only in one ori=
entation. However faint this glimmer of hope for developing "ductile
ceramics,” it still remains an attractive field of investigation, since
brittleness is the only major, and so far unsurmountable, obstacle to the
widespresd use of ceramics as structural components in powerplants.

The technique of prestressed ceramics {Ref. 3) is being investigated as

a means of circumventing the brittleness problem: it is & procedure that

3
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‘ Densiyy| Absorption | (OF)
I Material | Formula) (1b/in’) |Cross Sectiom
Al | (Barns) 1000 2000 3000 4LQOO 5000 6000 7000 .8000
CARBON C 0.07 0.0045
CARBIDES: ,
Hafnium HIC | O.bi41 115
Tantalum TaC .| 0.523 21.3
Zircopium | ZrC - 0.242 0.185
Columbium | CbC - 0,283 1.1
Titanium | TiC 0.154 5.6
Tungsten [ WC 0.560 19.2
Vanadium e 0,194 b7
Aurdnum | ALy | 0,108 0.87h
Molybdenum | Mo,0 0.307 4.8
| _Thordum | ThC, 0.347 7.0
Boron B,C 0.091 3000
Calcium caC, 0.074 0.839
3ilieen 3iC 0.116 0.135
| Beryllium | Be,C 0.088 0.0225
Chromium Cr202 0,241 3.7
OXIDES:
Thordus [ ThO, | 0.372

| Hafntu [ HO, | 0.350
( _Magnesium | MgO 0.120

|3 Zirconium |Zr0, | G.193
 Cerlum  [Ce0, | 0,260
Calcium | Ga0 0.122
Beryllium | BeQ 0,103

~  Gadolinium | Gd0, | 0,257
| Uranfum 007 ° T70.39%
Titanium | 7450, | 0.16%

" “Tigantwn [T, 170,150
Silicon 850 0.08L

BORIDES: | _
. Zirconium | ZrB 0.220
"~ Tantalum  [TeBS ! 0.LL7
__-”@E‘&it__al‘._,. Mhigs RN 0.1—5—61
| Columblum | CbB, | 0,252

Titanium T1B2 0.162
| Uranium  |UB 0.459

|___Boron _ |BN ] 0.079 | 7
.. Zirconium | ZrN | 0,256 | @ 1.97
Titanium | TiN ~ | 0,196 7.38
{ “Columbium |CoK__ 1 0.303 | . 2.88
.. Vanadium | VN 0.221 | = 6.48
7.51

Silicon __SiBNh 0,124
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ekploits the invariably high compressive strength of most ceramics. The
material would be permanently compressed Ly me. 18 of highly stretched
metallic wires, and the structure bullt up of such prestresged materials
would be so proportioned that tensile stresses from loads would never ex-
ceed the locked-in compression, thus insuring at all times that the materi-
al ig in compression. The analogous technigue of preatressed concrete has
been very successfu) in clvil engineering structures.

Another alternetive is the technique of composite msterials, that
suggests itself again regarding this brittlenesg problem. Brittle glass, in
brittle glass fiber form, mekes up & reasonsbly ductile composite when
impregnated in plastics: analogously fibers of carbides inbedded in a
matrix of same refractory metal might result in a useble material.

It is intercsting to see what the temperature limitation might be for
such materials ceramics, if the problem of brittleness could be solved in
some manner., The relation between melting point and softening temperature
for the carbides (Fig. 4) is gufficiently relisble to indicate some upper
limit around SOOOOF - not much beyond carbon's potentiaslity.

Bven 1f these future ceramics were to be much stronger than csrbon, we
should not forget that they are also far denser, so that in & structural

comparison with carbon there emerge no distinct advantages to the use of

densit

=Tre ratios of carbon and the

ceramics. For example, the theoretical
best carbides differ by very little at hSOOoF, probably not enough to
varrent san intensive effort in carbide research, ‘especially if it were at

the expense of research in carbon.

THE MINIMIZATION OF STRUCTURAL WEIGHT

The urgency for miniaizing the weight of flight vehicles hes been

proportional with the difficulty of the task imposed upon these vehicles,
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By now, it is a platitude in astronautical circles to talk of reducing to

an irreducible minimum the weight of such items as the tanks, cabins,
powerplants, eguipment, controls, coolants, etc. With such a pressing de-
mand, a demand that has been with us now for decsdes of flight, one would
believe at first that most posaibilitles for radical improvement in struc-
‘turel materials for minimwm weight design have been exhsusted. This section
will attempt to show that such ie not the case; on the contrary, there still
lie ahead of us good potentialities, as yet untapped, for greatly reducing
welght down to fractions of present designs. -

The section will be arranged along the two major classifications of
loading conditions encountered in astronautical vehicles, namely components
designed by tension criteris and components designed by campression buckling
criteria. A third category will also be mentioned, namely components de-
signed primarily by other criteria than loads. The proportions of structural
weight of space vehicles in each of these categories is probably such thet
the predominant portion of structural weight will be designed by tension
criteria, and the small remeinder is divided between components designed by
buckling and by other non-losd criteria.

Tenasion Compcnents

The ultimate goel in the improvement of structural materials has been
the achievement of the tensile strength available from atomic cchesion. To
this day the highest strengths developed by metallurgical means is still a
small fraction of the strength theoretically obtainable from the flawless
cohesion of atoms in a metal. But the goal of materials as strong as the
bond between atoms is not &n idle dream: today, in & few laboratory experi-

ments, fine crystal fi aments — "whiskers" - have been grown, demonstrating

urr
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phenomenal strengths, in some instancesa approaching the theoretical limit
of atomic cohesion {Ref. 4}, '

It 18 fruitful to speculste on how to utilize "whiskers" for struc-
tural purposes: we believe that the idea should be enterteined, with
interesting possibilities all the way from the preduction, analysis and
economics, %o spelling out e "whisker" research program (Ref. 5).

Produetion. First, no unsolvable problems presented themselves for
growinyg substantial quantities of whiekers, and for lining them up and
narvesting them. Next, these whiskers could presumably be woven into cables
or sheets Juat as with textile fibers or with fiberglsss, Finally we
envisage at least two possibilities for binding together these whiskers,
namely plastic matrix impregnation (as with fiberglass) or by pressing and
aintering as in powder metallurgy.

Having postulated some hypothetical production means, it is revealing
to try predicting the properties of whisker structural meterials.

Properties of whiskers and of materials made from whiskers. The high

strength of whiskers is due to the phenowenon of streagth increase in a
crystal as its dimensions decrease. It is only in the last few years that
this strengthening was demonstrated to continue at a steeper rate as crystal
sizes are reduced, say, beyond one-ten thousandth of an inch (Fig. 5S).
The ultimmte gosl of finding whisker strength near the atomic cohesion level
was achieved only in the past two years,

This tremendous strengthening effect is quite genersl in materials,
applying to whiskers of metals, carbon, oxides, carbides, etc. Theoretical
explanations have been mede for the strengthening phenomenon ; and
1t now appears that it is due to the unusually lov incidence of diglccations

and high surface tension forces that must probably occur within the limited
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small width of the whiskers. Theories are slso availsble predicting what
strength of stomic cohesion would result from a perfect crystal lattice -~
that is the strength limit of an ideally "perfect" material as approximated
by the sitwation in whiske'rs: the ultimmte tensile stress should_ be between
one-tenth and one-fortieth of the modulus of elasticity. '

The reported best strengthe of whiskers (Teble 2) show that indeed

the ultimate stress is of the order that tbeory predicts for a "perfect”

material.
Table 2

TENSILE STRENGTH OF THE STROMGEST WHISKERS
Material Modulus of Ultimate tensile stress ...

elasticity,; pei #tress, psi ul'us -
Silicon | 23,000,000 550,000 ,lré
Carbon L 1,000,000 88,000 3
Iron 29,000,000 1,900,000 %5
Silver 11,000,000 240,000 %‘6
Copper 18,000,000 20,000 i'é
Quartz 11,000,000 600,000 ‘%8
Zine 15,000,000 320,000 %.,,
Caduium 10,000,000 130,000 97:7
Sapphire Tk, 000,000 1,700,000 | %5

It is custowary to use th densit
g e ratio - o Stre vhen come-

raring weights of tension structures made of various materials. Now, since
the ultimate strength of the best whiskers is some fraction of their modulus,
the criterion for choosing ameng the multitude of poselible vhisker materials
deneit
is the minimization of their z=ymed ratio. This ratic, listed among other

data in Table 3, and combined with the previcusly noted data on softening
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temperatures {(Figs. 2 and 4) yielded a comparison among all the possible
materials and temperatures. This camparison, shown graphically in Fig. 6,
shows the hypothetical relative weight of equal-strength whiskers of various

materials at various temperatures, for the least-veight (most efficient) ma-

terials, using a bveryllium whisker as a unit-weight standard, since it happens

to be the lightest of all, at amblent temperature.

Knowing which are the most deairable materials {the ones shown in Fig.

C), it 1is possible to calculate the structural properties of hypothetical

vhisker materials. These properties have been listed in Table L, as calcu-

lated for 70°F on the basis of beryllium whiskers and some ressonable
assumptions as to matrix-whisker compositions, strain limitations and future
producticn techniques,
Table L
' STRUCTURAL PROPERTIES OF WRHISKER MATERIALS

Whisker Material made into ‘ Goﬁventional metal
Property Cables Sheets Titanium .
Density, 1b/ind 0.07 0.07 0,164
Ultimate tensile | | -
stress, psi 1,000,000 _ 500,000 | 180,000
Modulus of
elasticity, psi 35,000,000 26,000,000 16,000,000

There are two other possibilities of improvement deriveble from
"whiskers”: One is that their softening temperatures are far higher than
for the polycrystalline form shown in Fig. 2, possibly not too far away
from their melting point. The other poqsibility is that if it could be
possible to control crystal axis orientation ae the whisker is grown, then
& material with considersbly larger modulus and strength than shown in

Table & might result.

.

Biainc e St PE AU

R e g & s e = 2 e i S o e e . e e .

fe T mme wooe



Relotive weight

2

T

=

i | 1 | i )| ]

0 2000 4000 6000

Temperature (eF)

Fig. 6—The hypothetical relative weight
of optimum whiskers




I

P-1420

7-1-58
19

Comparison of tension components: whiskers va conventionsl materianls.

In compering weights of typical atructurel components made from varicus ma-
terisls, basic material properties such as from Teble L should be combined
with any other feature peculiar to any cnre maierisl.. For whisker mmterials,
we believe that a distinguishing fesature will be the problem of fastening
these hyper-strong sheets and rods to the adjsacent structurel components.
These particularly intricate doublers and fasteners penalize whisker mse
terials to & great extEnt: vhereas at first one would have wventured to pree
dict (from Teble L) that whisker meterisls seem to be showing & ten- to
twenty-fold improvement over'the presént state-of-art, now - with the
fsgtener penalty — velight reductions by s fector of cnly 4 to 10 seen
possible. Comi&rim a variety of applications for whisker materisls, as
listed in Table 5, it may be concluded that, in genersl, tensional struce

tural veight could be cut down by & factor of 5 with vhisker materials.

Tebla 5

WEIGHT REDUCTIONS IN TENSION STRUCTURES
AFFPORDRD BY WHISKER MATERIALS

£ structural wight-conventional

Component T~_fatlo of SEructurel velght-vhlsker
Cables and roda . 10 to 23
Removable plates and sheets sbout 4
Pressure vesssls, tanks . upto8
Miscellaneocus:

Porous sheet transpiration cooling
Prestressing cables for ceramics,

. earbon

Replscement for woven cloth

Rocket motor cases, exhaust cones
Tubing, ducts, cabliua walls
Centrifugally tensjoned components

£ oown & Cu 8
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This conclusion — that large order weight reductions are still possible

in the future - should be very encouraging to astronsutical investigators.

Buckling Components
' Although structurel components designed by buckling criteris will com-
prise & minor portion of a space vehicle, much is to be gained even in this
field (and even in tension ui;m_ctures) when considering beryllium «& a

structural material. For three years now, we have monitored the history of

this unusual metsl, and this section will summarize some cf our findings (Ref. §)

Why beryliium? In compa&ring the weight of structures meds up of thin-

valled components, designed by elastic buckling criteris, a good first
spproximstion to their relative weight, vhen made of various metallic eles-

ments, can result from congidering the ratio

Density of element _ [Modulus of slumimm
ﬁensity of alvalnpm * \| ¥oXulus of lement,

Aluxinum is here the bssis of comparison of the metals, san aluminum
compression structure being considered as weighing unity at 70°F. The dats
from Table 3 can then be used, resulting in the comparigzon of metallic
e¢lements shown in Fig. 7. It is significeant that there is a tendency for
the lower-nusbered slements to result in lighter structures, and of these
beryliium gives the lightest structure of all.

The properties of beryllium. The table belov swmmarizes the mechanicsl

properties of beryllium.
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Table 6
PROPERTIRS OF BERYLLIUM
Density 0.066 1b/in.>
Modulus of elasticity, 70°F Ll x 1.02 psi
600°F 43 x 10 psi
Tensile yleld 70°F best 1ab 95,000 mill 50,000 psi
strength 600°F product: 65,000 product: 40,000 psi
Tensile ultimate To%F 120,000 © 60,000 psi
strength 600°F 80,000 50,000 pai
Elongation under 70% 1% - 5%
uniaxial stress koo ‘ 8% - 16%
800°r 16% - 3u%
1200°F 10% - 14%

A combipation of high therml'corﬂuctivity and specific heat makes
beryllium very attractive in transient heating conditicons. Corrosiocn, oxida-
tion and erosion resistance are good up to 1200 - 1400°F,

At present beryllium ingot costs about $40 per pound, while sheets may
run three to five times higher, Beryllium and its compounds are highly
. poisonocus in the powder form, though much less dangercus when in eolid
shapes.

Comperison of beryllium and conventional materials. An accurate com-

' pnruop of materials when used in t!iin-valled structures in compreesion,
u’cilizling the complete streu-‘strain. diagrem of metals at various tempera-
tures, 1s shown in Fig. &, end shows the relative merit or. beryllium and
some conventional metals when used as compressicn sandwich penels. Beryl-
liun affords a reduction in weight from 20 to 50 per cent up to temperutures
of 1000°F.

When considering te:usion components, beryllium still looks very

attractive: weigbt reductions, hetween 25 and 50 per cent ax;e possible over
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& vide tempersture range, and the curves of Flg. 8 can again be used as
& rirst spproximetion.

It should be cautioned that, Just ss vwith csrbon and with ceramics, the
ductility is & mejor problem yet to be allsviated in berylli'um. As vwith all
these other brittle materials, many of their potential sdvantages cannot be
exploited, unless 2 clear solution can be had on the duc‘tility problem,

Components Not Designed By Loads
) Iittle can be generalized about the smell fraction of the structure of

a spece vehicle that will be designed primarily by other eriteria besidas
loads to be transmitted. In each instance and for each specific requirement,
there are materials todsy that cen function pessably well. And in all these
instances, some investigation can dmpstruu that sizable improvements could
be made in the future.

As an exsmple, let us say that our design criterion in an artificisl
asteroid is the maximization of it¢ visibility snd observebility from earth.
Today's methods of producing large~area light-weight plastic films can result
in respectably visible asteroids. We beliave that the visibility could be
gquadrupled with a few month's development of unusually thin films and exotic
shapes,

Similar statements can be msde about possibilities of grestly enhanced
vmterisls for specislized spplications such as trsnsp&rency requirements,

erosion and corrosion coatings, heat-transfer media, etc.

. DISCUBSION: IMPROVEMENTS POSSIBLE WITH ADVANCED MATERIALS

Having quickly surveyed a few of the future possibilities in materials,

1t might be wvorthwhi.e to evaluate each of these possibilities in the light
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of vhat performance improvements they afford. The list is by necessity ¢on.
denged from excerpts fiom a variety of studies, and substantiation of the
figures might be gketchy. Still, some indication as tc the worth and value
of thess future materials is needed. '

Tungsten and wml". A temperature increment of 500°F to 1000°F (over

molybdenum) appears possible with tungsten-built nuclear rocket motors.
This alone can result in an increase in impulse of 10 to 20 per cent,

Carbon. If carbon structural shapes could be made to take tension,
either by nhermg, prestresaing or any other technigue, cperating tempers-
tures could be reised further in the heat exchanger of anuclear rocket
engines. An incremsnt of 500° to 1500%F (over Vlm‘) represents another
potential impulse %ncmse over tungsten.

Carbides. If somehow a carbide could be developed fros whieh to build
criticel components in ean engine that operstes at 5000 to 6000°F, this
achievemsnt might ralse the impulse an additional small pasrcentage over that
of a carbon-built one.

Whiskers. If one can hypothesize the availability of whisker materials
that can reduce the weight of tension structures weight to% of their usual
weight, then it has been estimated that the payload in a particular type of
space vehicle might be doubled, all other parameters being left unchenged.

Beryllium, If metallurgical research could produce beryllium alloys
with sufficient ductility, it appears that structural welght might be re-
duced by 20 to 50 per cent below today's capability. In space vehicles a
definite increase in possible payload would be the result of the usage of
hypothetically ductile beryllium.

Finally it should b= emphasized that much research is needed on all

~ these metals and compoureis if their structural potentials are to be realized.

g

e



5

1.

2.

3o

ho

S

\

REFERENCES

P-1420
7-12-58
26

Grant, No. J., "Choice of High Temperature Alloys"; Yetal Progress,

May, 1956, p. 82.

Currie, L. M., Hemister, V. C. end H. G. MacPherson, The Production

perties of
rey, Geneva, |

G ite ] O

Shenley, F. R., Prelimins Investigation of a Prestressed Ceramic
Wing, The RAND Corporaéon, Regearch Memorandum 508, BL January 1951.

r Re
e Referchnces).

actors, UN Conference on

c

Bremner, S. S., "Tensile Strength of Whiskers", Journal of Mlied;

Physics, December, 1956, pp. 1484-1491.

“ N D ‘l.
Hoftman, C. A, A look ul WaetKers
Astronautics, August, 1958. rr 31-1: 63

Hoffman, G. A., "Beryllium as an Aircraft Structural Material®,

Aeronautical Engineering Review,

February 1957, pp. 50-55,82.

!




