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TO:

lB0rrr:

SUBJECT:
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fn aecordanee r'.lth yorlr Verbal lnstr-uctlgnF of about 9 Jr:ne 19116,

the Conmlttee has consldered the general. problen of alr vehieles ariven

by nuclear p.r€r. Tlueo copies of the zubjeet report aro iespectf\rLly

subnitted herorrlth. A flrst tlnaft nas srrbnrltted octoben zjt ]-;gt6. slnEe

that ttnre nany enorg have been conrected and nrtrch new mter1al has been

acldeil. ,fire Ln!.tial tllstrlbutlon Ls inttleated ln the :report.

Your conmentE and thope of bther lnterestett persons rrl11 be

appreclateit by the ConrrLttee. Revlew by suitab!.e nenbers of APt is hereby

requesteil.

rt ls lelleved th6t any f\rther rsork on thts srrbJeot.at A'pL

shoulcl be camleil on by a BnaS-l staff 'rtlth flesh instructlons, and that

the existlng large conmittee shouLd be dl6sfurged 1n the near future.
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o CHASTER VT. HIGH TE}'IPERATIJRE MATERIALS

By Arthur E. Ruark

L lulsegpg!&E

In earLier chapters, pile'surface temperatures ranging fron about

2O00oK QlZsoc) t6 3O0OoK (zlzSoCl have been considered for varlous vehi-

cl-es. Sj.nce there nust be a temperature drop in th6 pile to bring thb

energy to the ges-solid interface, it iC cLear that we are considering

a range in which custonary ceranics have littLe. strength. ' In the absence

of softening and spa3.1ing data for very pure graphite and beryllia we can-

not specify the temperatures Whlch qrust be chosen for nuclear-powered

rockets, ram-jeis and turbojets. Therefore restLts for a range of tempera-

tures have been given, wherever it seemed usefuL. However, a few. data can

be. presentecl to indicate possibilities and to guide struetural stuclies.

Fe consider in successlon the following topics: high-melting elenents and

oompounds, piles, control rods, and protection of an atornic warhead agairtst

neutrons,

k Eigb-lesngr,alse*ge.!9liclg

Table 1 presents the meltlng points of a number of soLids which may be

usefUl for high temperature structures. The List also contains fissionable

materials and a.fevr boron and berylliun cornpounds wlrich interest us because

of their neutronic. characteristics.

The sourceF used in conpi.ling this table are rrThe Handbook of ?hysics

and Chemistryrtt ttThe Chemical Engineerrs llandbootrrrand a recent report of

Kaohik, Humnel, and Henry which giles a vely conplete sUrvey of borides,

carbid.esr and nitlides; this is reproduced in A-ppendix 3. As stated in their

report, it is striking that practieal"ly all of the borid.es, cirbide.s, and

nitrides studied resist decomposition at high tenperatures. The report
Etlmel .lc6eDse

Aet, 50

I-

t
ooll-
las.
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Table I. Melti.ng Points of Solids for ilieh Tempersture Use

Degrees Cent*grade

Nitrides

to90-
?800
,poo(L)

TaN

BN

zgBo-
29ro
91o
2650

ZrN

TiN
ScN

Carb.ides

O.STaCrO.2IlfC
O.BTaCrO.ZZrC
Hfc
TaC

4ra
cbc
Tic

191$
tgto
3880
i870
tSro
,500
7L110

I'fc
w^c
\fr,
tdoC

Mo2C
Br*c

B

2830
269o
2689
25OO-
2150

2A7O
28&

Borid.es

lrooo( ?)

10&

crn(1)

iifB

7'tB
l,TB

z99o
425

Oxldes,
Sil.icates

hoz
l,{90
ZrA2
BeO
CaZ.rOz
ZrSioi
volt2y
L1.2o3

>2BOO
a800.
27OO
2570
25go
25ro
2L76

?on'

F[Eta
FxFo".

$ilfl 

,

2-.85a
27OO
t6e.
2l+ro
ztgo
er00

Elements

>1500

,770

,o00

w

Ti
ft
Be

<r8to
I€I5

r

t985
rg50
19o0

1800
1AO0
L350

.E
E

a
.D

aIa.br

-t;'

-r

oo
SF

Notes r (t) Boron bcil.s at 2551ac.

12) U3o6 deconposos before nelting,
(t) S-ee Terrb.
(r+) BN srjblimes be.low M,P. The l[.P.. glvea was obtained. rmder pr€ssrrer
The table o.f, elements inoludes all lhich meLt ebove l8Ooo0.
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o
glves sone data on resistance tq corrosion by gases, which varies'according

to the position of the metal,-coqrpolent in the perlodic table. The authors

renark that the carbides of group IV and Sroup V elenents combine the best

resistance to o:<ygen, hydrogenr:nitrogen, and uiater vapor at high tenperatures.
i'

Through the klndness of l'tr. I, R, Kraner of ONR our attention has trben

dlrected to the high melting cottpound, ghronium boride. At present this

rnaterial is used, in conbinatton wittr large percentages of nickel, as a

sp-ray coating on metals.

Irilr. A. R. ParilLa has called.our attention to ^.he work of Ryschkeritsch

on plre aLumina, beryllia, zirconia, and. inagnesla, 
'It 

aPpea"s that this in-

vestigator has developed'a technique fof nr4nufacturing these pure o4ides

yithout btnding material-. It is stated that pure aluurina has the folLow-

ing physicaL properties:

Conpressive Strength, greater than 5OOtrO00 psi
a

Teirsile Strength, approrimately 491000 psi

odulus of Elasticity, approxirnately 601000,000 psi

3ooo rce/n#' Microhardaess,

It is also stated that these values are substantially maintained at ternpera-

tures up to 3!out L000o0. Te mention thiS material not because of its.rnelt-

ing point (eOlOoC) but because these p$sical properties are exceptional and

begause the method of manufactu.re may open rer{ fields in missile technolory.

The striking points in Table 1 are these:

(") 0nLy t5r:ee eLepents, cgrbon, tungslen, and rhenium, nelt'

above 3000oC.

(ul All oxides l-isted nelt beLow 30oooc.

!") ft has been reported to us that chroniun boride has a nelt-

ing poi.nt of the order of 4o00oc. This requires a check,

in view of the fact that on)-y three other borides have
o

a aa r. a a

4L5 222
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II-

o rnelting points close to 3000oC.

' (a) Attention is called -to the existence of several carbliles

antl rnixtures or all{ys of earbides, melting above 35@oC.

These are the highest-nelting compounds knoun.

L
For the 5000 mile rocketrsunmarized on Page 4.L'1, the burning tind wil-I

be about 220 secontls, in which tine 50 tons of trydrogen must pass through

the tubes. After that the reactor must be shut off. StructuraL integrlty

wiLl d.epencl on the short-tturc flow-properties of the hot pile lnaterial,

and if the pi.le be nade of carbonaceous matenielr its reaation with hot

hy{rogen nust be considered. Cond.ltions are quite different in the.ram-jet.'

If the vehicle f'Lies at a height where the air denSity is lAO of the vaLue

at the earthts surface, each square foot of intake area wiLl require about

forty pou4ds of. air per ruiJ,e of flight, or I-00 tons for e 5r000-rniLe fLight

lastj.ng several hours. The lower ges densitl (as oomlnred with the rosket

case) wi'lL favor l-ess rapid corrosion, and creep during the time of flight

will presumably be nore lrnportant.

It is suggested thqt carbon (density about 138 lb.../cu. ft;) ls a favor-

able noderaton for a pile in a 1-lquid-hydrogen rocket. Carbides of fourth

and fifth group metals are not competitops bgcause of neutron absorptlon,

but'could be used in ninor quantities as structural elements.

The ram-Jet pi3-e is nore difflcu.lt, Oxides and silicates are logical

materLals for use in an oxidizing strean, but Table 1 shows that for the

best of these materials the margin between neLting point and proposerl opera-

ting temperature is narrow. It appears necessary to use.BeO, or to employ

carbon as a skeletop for the,pile structure, wlth a BeO coating to provide

surface protectio4. At points in the interior of the plIe, presurnably the

Thts

t
415 223
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BeO would be.nolten. So far as we can find, no attempt has been made.to

develop such.struetures. thoria is doubly attraetive for such a purpose

because it is very refractory (lrl.P1i, 280OoC), and because it undergoes

fission by fast neutrons. AJ.so, sbne fissionable U 233may be produced.

(We ao not have the equilibrium tiines for productign of this substance

.frorn 
Th232 by the neutron, bk, U6ft, process.)

:

The reinforcecl-concrete prJ.ncLpS-e can be used to give greater struc-

tural integrity to the vlhole mass. Although tungsten, for example, wouLd

be higbl;r oxidizable in the hot air stream, it could be used for a skeLeton

of relnforcing rods sovered with.the moderator material.

b. qsnlgel-&egs

The cross-sections of several elernents useful for absorbing slow neu-

trons are as follows:

g1o r Srooo barns

2r600cd

Cd isotope responsible for 801000
absorption (113)

Gd ' 3O,O0O

lborn this it is clear that th; favored position of cadnlun in nucl.ear

researeh 1s due to the eonvenient p::operties of, cadnium metal and not to

airy exoeptlonal properties of the natural cadmlurn nixture of isotopesl a3-so,

that separated. gadmium 1L3 uright be. remarkably interesting. A$y rare earth

nixture rioh in gadolinlun should be a very valuable neutron absorber.

1l:

ql
0

u. s. 9. 415 22/t
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=f;ffinrr=o ' In the absence of data on cadnium carbide, we note that boron carbide

meLts at 2r35O to 2r50OoC. This ls not sufflciently high, for the concli-

tions assuned ln this report, so the use of rare earth eorlpounds is in
order. i[e suggest tbet investigation of the fo].l.owing controL devices (or

variations of them) nay be fruitfull
(a) CrB or 0d0 in carbon tubes, or in the pores or cavities

of a suitable carbon body.

(b) Alloys or nixtures of TaC, and HfO, with reasonabLy sma1l

peicentages of gadoilnluur compounds. ,

(c) Alloys or nixtures eontalning ieparateil cadrnirin isotopes.

5. Pnotection of the llarhead asainst Neutrons

The question now arises rfiether neutrots fron the pile can transmute

so suqh of tbe ureni.un in the rmrhead that it becones poisoned, to an ex-

tent shich EiLl prevent its e:cplosion at the target. Here we have to d.ea1

with the effect of poisonl.ng bn a fast neutron reaction. Ete have only

DOE
6.2 (a\

dcfcore
Acl, 50

Gm-
Ltr.

tt,
bt

DELETED
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dudts and their progeny, as a functlop of the neutron energyi 4 barns is a
ri \

faLr estirnate and no exceptional cases aro aqticiiated. Howeve?, to take

limited infornation on the fa cross-sectLons of the fission proi

Ettcd alciGnre
stt

.l
care of any unfortunate.combination df unknom circumstances, 1et us see

what shieldling wi1L be required to r6duce the neutron flux to utterly

negLigible values. 
;,

(We wish to avoid discussion of the lirnitet chains ir:itiaterl by slow

or fast neutrons whieh faLl-. on the sarhead. urapium, beeause the average

l-ensth of such chains will- be sensltive to the cross-sections enpl-oyed'r and
,sr-

wil-3- depend on the un}nowq geonetry of the'bourb.) -

Suppose then, that in the nucLear energy rocket of Page 4.17, the

center-to-center distance of the warhead and the pi-1e is about 5OO cm', to
-t

nake room for a i-iqufA hydrogen.tank. This is surely an underestfunate.

1lhen thp tank is f\r]-l, the number'of neutrons which can reach the warhead

clirectly is neg1igi.ble, but nrhen the tanic is partly empty, we fa1l back on

the absorption in the TliT, or in addiiional absorbers'

Tle list tbe following anproxinate data: 
,

Nunber qf fissions per g3 of fuel 1.5 1015

Grams of fuel- l+.6']']07

Total fissions during the pouered fl'ight 6'? I&2

Approximate nurnber of neutrons escaping T'tr }to22

No. of heutrons striking L sq. om. of the .2'1, 110].6

bonb materiaL

Consider then to bo a paral.leL .strean. Three feet of TNT is satisfactory

as a neutrgn slower. If then a snalL anognt of gadolinia can be incorporated.

in the inner portions of the TllT to absorb the slorl neutrons, the bonb will

require no other shieLding beqause of the followl.rlg tlatqc

?.26
Thlg
ol
I'.

e
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Absorption coefflcient of gadplinia

'Fraction of the neutrons pasling a I nm. gadolinia layer z Lo-32

If, on the other hand,, this chor-rgeli" not possible, it, nay be pecessary
!.

to reduce the neutron flux by outside rihielding, probably 20-30 cm. of highly

hyclrogenous matgpial and 1 ram. of gadollnia, This shiel.ding would have to

be applled all around, because *or" fait neutrons wiJ-l get at ti:e warhead

by passing out from the urlssll-e and being refLected back to it than the
;

number whiclr pass directly to it. Ihis urekes it clear that a very moderate

ureight of absorber will reduce the effectp in the warhead to negl-igfble

values. The situption wlll be sinllar ln regard to the shieldi4g of elec-

triaal eontroLs, etc., as far as neutrons are concerned, but the gamma ray

problem has no such attiactive soIution.

The fuel in a nuclear hyrlrogen rooket mey also need protectlon against

l.oss by boiling due to absorption of energy from nucl.ear rediation, as

pointed out by Al-varez (Ref. 2). MoClure and Kershner suggest that this

might be acconplished by having an outside fue3- compartment, serving as A

neutron'slower and to some eftent as a preheater, a.nd separated fron the

nain tank by. gadolinia. The acldi.tional weight nay necessitate.a much larger

rocket for the saure payload. .

Reference: Norton, F. Mr, Ref,ractories, l{cGraw-Hirlt lglC'

. Alvatez, L., ta1.k on nuclearrpov{etod planes and rockets, before

the Aero Club, Washington, D. C, Dec. 1.}t*6,

for thermal neutrons:

delcnsc
A€t, 50
Itr con-
by Lw.
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APPEI{DIK ].. TfiECAETICAL DISCUSSION OF A
SMATT I{OMGENIOT]S EI{RICMD REACTOB

Repnoductlon of a talk befsre the Anertcan-P$sical Societyt
chtcagg neet{ng, June 1946. t

.rnsrtture r* rf'n"rgoRitlit':Hligtrqlry of chicago

I w111 flrst desoribg'{he ttnater bolleril p}47sicelly ln ordler to

rrovlileaplctr:reofwhatre$r1llbetalklng.abort.Thenlurlllgslnto
a 11ttLe detall of the neutnon tteslgn of the mchLne. ThEn I rd[I

sketch the

I
I

o

a

?

Refeplng to the I fta conslstg of ths reactg

lroper 4 $IrFoundeil W a neutngt reflecte B whlch ls surrounded by a

shtelil C ercept where it oomruni*Tr wlth the graphile iltlrernal oohmrfi

D.' The reaoto A oonsistg of a no.tr-corrosLv€ (stainless steel) shell

qbout a foot ln ctiaueter co.ntainlng the uranl.tm enrlctptl ln 235 (cr

plutbnlurn) as a ncter sol.utlon of a' sqlt^able .ealt qrsh as U% sO/, c

UO2(NO3)2, Sbe anornt of rraniun 215 7a sf order of L kllo. Tbe rreutron

reftector (u. tanpeq) B conslsto ginc!.pally of berylltrrn oxl{e (neO) tn

the fgu of bnicks rmdle by cowpnesolng the porder to as ttlgh " denslty. as

poss{blo. 'Xhe :reflector.occuples a cube of about forr feet on ap edge.

Ttre sh{el-cllrg C !s Se'veral foet of cpncrete wlth possibly sono lea{l ot the

insLde, Ttre tbernal colum D ls a plle of graphite bricks Perhapp 5 feet
sqrmre and I feet long and sorr€p the purpose of prgrrldtng e hlgh fiL.w of
essentlally utre

C@-
lrrr. 41s 228
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The design proble.ms. irr such a machine can be sutt'iarized"as

folloyrs l

neutron design
ccoiing desi.gn
shenieal (corrosj-on) ttesign
structu.ral design
pontrol design r
shlelding design

I?rgre is an irrterpJ-ay betvreen these problerns but it is aLnost neglig-

ibLe courpar<ia to tl'reir interdepend.ence in a graphj-te uranium i:rachine

where the whole desilrr is yery critlca!,

I vrarit to discr,lSs here principaliy the neutron design. the

questions that shouLd be answered for this purpcse ertl:

1. How rueh u235 v:ttt be required?

2. In r*at concentration or hoiv big aiphere is requi-red?

3. tfhat naterials sirould be used in the sF,hel-e and as 4eutron

' reflector?

l+. iiow big a reflector do ue need?

5. Rowlrly w'hat poeer can vre ex'be.e'b .- how intense is our

source?

6. Hon many neutrons of voricus i:inds ,rr.1} gre get for experi-

. mental work and hon nuch shield do ue need.?

The. ancunts of.nateriel- siLl be de'berniaed by more or [ess cour-

pll,.cated dif.'f'asion celculations ;rhich can be earried out as follcms. Our

fundagrental- neutron equation reads:

ereationz'seg - absorption/sec - d,iverger-rce (current) = {:
nowcurrent=-Dgradn D=,It J ='No" 

ir'
3A

r
I

o

v=_..Y,-
A

absorptlon/ssc 
= {;. }-=nA,

cre$tion/seg 
= 

g ,

I
3r rrnd

ilre LLs' 22s



so * o"- i+o=fi
or for a stearly state * - O

/ln'-*-+-3L=oLz 
^n

$_ c.' vAil.FI, ,

il
-

ra
I

o

:,.

f-+
E is the ttlffirslon length and L2 = +
fn a rsultiplyfng medtum ws qan rsrite

creatLon =lf absorptlor-r K Ls reprodqcti.on facto

/ n+l('*- tr = 0f
Aooorcli-rrg to the derlvatlon, L uas tbo diffuslon Length antl was deterstined

by the scattorlng absorpti.on of the- neBtnons, Hcnnever, lf we are consider"lng

a slow neutron chaln reaotLone the flgelon neutron$ whlch apo mde $ilth an

energy of orde:r of I ltbv rnust first be slowed rlom before they are abscbqble.

ltn problen cannot acttally be tpeatetl qs a oneTvelocLty pnobleo, The above

equa.tlon ean, horoerrcr, be used as a fafu appoxlr-ratlpn lf W * we unclerstanil

,27w 
= \ e.here f t" the nean square cll.ffirslon dlstance betr.reen where tbe

6

neutrons are erdatod antl rvhere they are absorbed. nrtrg # * IPsl+[2tt wherb

f"f ' ta I/6 the nean sluare slowlng length, t'o the dter boi.lep fsf )) f*,
anel rve can pnactically neglgct arqp variation sf l3 *itf. colrpentratl6.n of &?r.

For fl,sslen neutrons ln seter, IF t" the sne as for 1 pr 2 lGv neutrons or about
6

25 crf.

Fe a spherlcall;r syrmetnlc systom the solutlon of the dtffusion eqr:atlon is

Irn.=

O
ltrb

sln trr
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If rne now lrnpose the bourdary conditlon at r R" that n 0 corresponiling to
'j

no neutron reflector we get :

l

f
OR %=S$t

Fc is calledl the crltlcal raillus'and the condltlon ln genenal lE referredl to
:a.

as the critlcal.. co.nd.itlon We see tmned'.lately that K ) I fon a 
'seLf-siuotaining

chatn reactlon, A1so, lf K is considerut:.y greater than 1, 1.5 on 2, then

ne'-5 6t s.o It LAi 5 qn

&:j 20 cn

llhis ls the nadiqs of a water bsiLer rpithout neutnon reflector, Tho crittgal

&dJ.us rvith a neutron reflector is spnewhat sraU-er, Iet .us nors flnd expreselons

for K aad for the rnaqs of &V5. By ctefiaitionr K can be narttten 
.

K+V* absgnotionigd35 ,, ,*=-
' 1 absbnptlon in inert mterial + abs. ln U<J?

rhere V ls the nurnber of neutnons per flssion whieh we s11.1 take to be o,f crdlev

, * ,(1). rfle can usually ta&e the absorption in inert rnaterials to be sirply

the absorptlon'!.n lydrogen.

. I€t us measure the concentratLon C of &35 by the ratio

c = er".-Js f?1,,
. abs. in H

lben the density oi tF15 in gnaps,/ce ts sinply

't : 32?,"=,T,tt c J,ol g
9 xfs /-\

usLng .{ n ..yrt? * Lo&4 
'c# ana f'u t:: 100o * tr-n24 o#r 

tt)

Iat
III
III

o

I
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Now K= 1A

1t-C

sot 'qt" L

-1
1'

Andl the critlcal nass M* -{-s given by

9

F
01

( lIC..- - 1
lfC

lbon the above, s.€ see that i( tras a maxluqn rplue of K = V foF large con-

ce'ntrationa ot tf?5.. Thig impliu, " rnlnimrm ciiticaL radius Riven b[r :

- },:'- r 2.5L t 13 cn. fhe crltical. np,ss beeonres very l-arge if we try
Vv-.r

to'6sia6fish the ehain rpaetion in too s1el,l a volume. :I\rthernorer there is

a mtntnnln concentratLon of tf35 rshtctt ean be 'useil. Thls is deter4lned by

K= 1 of C = -!*-- i:..5 or )Ju A::.S5 grn/qo. Ttre crltical nass and

radiup beco.nes iadefinitely large as the eoneentrqtion is retluced tomarcl thls

urininup.

!!'on ths expressibn fo.r the crltlcal- nass I}t, it can be slrcnn that Ec

. has a ninirnirn for a rralue o-f C rvhlch dependls on V, For \I 2 the optlut[n

conceRtratlon

C';i3,? or f v '.:E '037 aBd X :Y 1' 5
.tq

Tlrus the ni-ntmim Mc 'E I.5 Kg enal for this' conqentration R" :lY 22 an,

One ean rrqteetl i4 an identleal tmnner to eaLculate the critical

mss fOr a reactsr ..:.d.th heafy pter ropl-acing the rqater or ey?n for a sollcl

' moalerator such as graphite. or BeO in Ehich tbe u 295 Is flnely itisperspil'

I}ese substanees differ ltom tho abow.in ttat they all, have L nuch greater

O 
than for rvater but aLso the parasitlc c.apture Ls rnrch less s6 that the

ataracderisti,crconcentratlon nreasrred in gn/ce ls tnuoh less, The comtjinatlon of

R"=

*tuM" 'n'ncL
?

contaln!
SBtes
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these two effects leads 'bo resufi;s of the sar'e ordef as that above for the

eri',,ical r.ass aithougtr the.reactor is then several times as lerge.

' I lrou].C iilce to conclude sith some conments on the .artput of the

naQhine. The heat extrac'',icn is by neanb of a coiled tube carrying cold

u,ater througft the inside of the reector. The Solution itself circrulates

si:.rply by eonveeiion. ti siuiple heat transfer cale;rrlertion shorqp that a

ntoderate sized coil of about 2O feet of I cm tubi.ng suff,ices tp renove

about 10 krv. Frorn this porrer one finds imnecliately that ttre flr.rx (nv)

of tireniral ncqtroRs in the reactor is aboui 1011. In other nords there

are about 1014 fiss/sec in the reactor corresponding to about !000 curies

of fissi.ons- Thus one could easil}" nake 100 curies. ao'bivity by irraciat-

ing a neutron absorber. In the [thennel eo]ur.n; vdrere aLnost pure thermal

neutrons are pipecl o1'! one can obtain a fLux of order id n/"n? suc.

COn-
law.
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APPENDIX 2. ARs NU$,EAB-EEccIL&Qgl@:i4AruBS-EqEgELE!.-.-:-----

. (4sjgre.pled.i3&-ltrquere)

By G. Gamow

Since nuclear energy conteut per gram of material exceeds the chemical

energy by a factor of nany nillions, it looks very piti{Ul that the best

onb can think at present is to inerease the ef,ficlency of chemical rockets

by e rnere f,actor af 2.5t uslng a slou nuqleer 
.reastion 

for heating trydrogen

whj.ch is to serve as a norking f uicl. The difficuLty in uiaking a fuJ-I use

of nuclear energy in rosket prqpulsion f.ies, of course, in the fact that

ln order. to trrrn an appreciable anount of the I ibereted }-rtent energy into

the nechanical enprgy of the mass-fLovi one mlst necbssarily turn a conp?rai

bJ.e arnount gf energy into the heat, thus raising the tenperature of the

expelled nasses. In the case of chemicel enersr this ternperature increase

"amsunts to several thousand degreeg, and lies just near the limits permitted

by tl" rnel-ting points gf different paterials whj'ch qan be used for construc-

tion of the rocket-body. In the c.ase of nucl-ear energy the temperatures

obtaiiedl.iehighabovetheevap.orationpointofanyconceivablewa.].1nater.

ia1, so tbat, pending the invention of a Maxwellrs Demsn nhd woulil prevent

the Iiberated. energy from going over into the therraal notion't or of a super-

insulatiqg layep wtrich woulil transfer to the body of the rocket t'!e pressure

of super-hot gases wittrout t'ransferring any heat, a nore rea'sonable utili-

zation of nucleaf energy for the pl11.poses of rocket propUlsion seens to be

rather inpossible. The situation being what it is, it is interesting to '

dcdetrse
Act, 50
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see rehat is the best performance of nuclear regoil motors naking the direct

use of the impulse of the reaction-particles. We wil-l stutly here two such
il

naiyg-r$ode1s corresponding to a controlled and a spentaneous reaetion.

. &. NuqleEr Recoil frour a-East-Reaclgl.

Consider a eube of fissJ-onable materiaL of a critical size (about

l0 x 10 x I0 cnt) in which a fast.neutro4 reaction is going on in & cor-

trolled way. (Fig. L ).

lOcn0. l0ctn'
tg

Fizure 1.
ffi

This cube is surrounded. by thin waLls of carbon to prevent its breaking up

when the temperature rises aboye the melting point of the netal. $bout

one-haLf'of the f,ast neutrons originating in fission escape through the

outer surfase of the fissionable material, and through the carbon walLs

into the surrounding spaae. If one of the carbon wall-s is nade consider-

abLy thicker, say 10 onr negtrons u'ill comnunicate to our system a certain

thrust in this direction. Since the wal1s sbouLd be kept at 4 temperature

below the neLting point'of carbon, say at 3000oK, the cooling by radiatisn

lbc rtl''!rl

In sny

I (/

jt .' .,'', '.' 1.

f

o
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iletcnre
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wiLl be:

103 cn3 x 1o-5 x (3 x 103)4 i'rore ::f.
Since each fission process libeiates about ) x L0-4 erg (2OO MEV) the reac-

tion nust be run at 1012 :-'3 x tO15 fisstons per second, ancl the

;.ffi
total nurnber of escaling neutrops directed totlard the carbon blogk wi1-l

bq aboute-lx3 x1015: 2,5xf014'per second, Since thevelocltyof.

fast fission neutrons (f mV) is about 109 9E-, the total th ust wil].be:

t/z x 1.? * ];a-21* x' 109 x 2,5 x L014 = 2.1 x 10'1,

wtrere the factor t/e tares account of the anguS.ar distribution of the

neutrons. 0n the other hend the'nass of the reactor is:

20x103 =2x104gm..
Thus the aqceleration of the system due to neutron recoil is:

2.1 x 10-1

2 x l.o4

Th1s is g:8 tir", snaller than the acseleration of gravity I Thus in order

to be able to use such a notor for a rocket which nouLd raise itself fron

the grounit we must Tun the reaction 108 tines faster which wouLd raise the

surface tenperature of the reactor by a factor of 100' But there are no

rnaterials which would not melt at 3O0r000oK I

It.rna.r be notfced here, holreverr'that if such a mot'or is shot out

from the earthrs gravity, it would staft noving faster and faster covering

the tlistance of E,f t2 
= ** 1O;5 1, x tO?)2 = 

tr.j x 109 cm = 451000 lnn

ln tbe first year.' But who cares!?

E Fa,dioaclive Sail

Another possibility of buiLding a rocket rnotor basecl on nuglear reooiL

consists in utlLlzing a thin layer of artiflciAlly produgedl radioactive

cln

-
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o
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niaterial cleposited on a thin netaL sheet which can stop alpha-particles

ejecteil in one rlLreetion (nigure Z). Since the range of ordinery alpha-

particLes in air is about /+ ctrr' their rapge in the radioactive. natetiaL

itself, tf! eol will bti about tlcn/(toi x 20)?2.10-4 c*, If the teppera-

tune ls to be held below ]ooQoK; the rate of energy produation in the radio-

active layer cannot be greater than

2 x 10"5 * (:o@)4Y2.1011 '""". 
"tZ

erE

(1-",d, ftat,evial

glsgIs-a

Asswlng ? x lO-Q erg (ce; 4r MIIV) for the energ:/ of an al-pha particle ne

can write the condition:

Pd .?.Lo-6 . ,i: 4.1011

A.1.? x 10-2/r

where $ is thp thickness of the layer (about 2.L0-4 csr), A the atonio weight

(1uo 2c'0)' F'u'" 
T'"'l.j3i": il'jafl::.l'"': ""::::-: 

o" finc'i:

t -- ?.J-o-6 Z.Lo=r, . zoL = 2'Lo-3 sec-l'

This suggests the use of an alpha.decaying substance vrith the mean

life of t/(z x tO'3) I 5o0 seq. Suppose v,e ean produce suqh materiaL in

a pile by subjecting a stable or senisteble eLenrent to ari iqtense neutron

.l

{.

d,

docuEent contelns
of
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E ll IJ E

o
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O bearn. Let us calculate now the thrust of. a n:tclear sail ,"ffi IIII
rII-

of tungsten 2 x 1O-4 e.n thick, with an equal bhickness of radioactive

material. The thrust pu" "# of the sail-surface rvill bel

2'1or1 x 109 x 6.6 r 1o-2l+ : 200 d1mes.+ xrh " #6*
0i'. lhe oth.e:r hs-nd, tha nass of the sai3. per unit surface is:

20 x t+ x 10-4 = 0.Q08 gran 2

so that the total acoeleration becones:

200,/O.0Og € ZO.O00 cm/seq2. .

Since it is 20 tirnes larger then g we can ease up the cor:ditlons by taking,

for exanple, a ten-tigres lerger thickness of tr:ngsten-sheet (O.OO? cm) and

using an alpha-decaying eLement with e periocl of 1000 sec'

Fantastic as it ]ogks, sUch an arrangenent appears possS-blle, at ]-east

in prlnciplo.

Thls
oI the United
u. s. c., 3r

anJt
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APPEMIX 3.

NEPCRT OF KACIIIKW OJ{ IIIGE@
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a
T}iE PEN}TSYI{VAI{IA STATE COIIEOE
School of Mi.ireral Industries
$tate Co].legle, PennsyLvanla

.l 'i
Menorandun Report No.: tet

Goverrunent Contract IVo. l
i

SubJect: Jro8ress- Segort on !\e.49-tglluJiel.cal .4-snec,ts of -lMgtlt}, .-
an$ Metal-Ceramic Eo$-es for Use at HLeh Tenperatures

.Un dg!: qp4-,Rosket:fng+pq sgqgl-c-q *-.,,.. . ,-, -
I. Furpose

A.' To present the d.ata on the 'physical anfl chgmical propertles

of high'meltingr'netal-base carbides, nltrldes, and borldes as ob-

talned f.ron a literatufe surveyr
' D. Tq outline a prggran of study by whlch the applicabillty pf

the above.compounCs for jet-. and rocket-engine gervlce w111 be

d.etermined..'

II. Factual Data

Ar tite'rature
As a Sraupe flve metal carbides, viz.r l{fc, IaCt ZtCr CbCt

and T10, comprise the highest qelting conpounds ltnown. Thelr 4e1t-

ing polpts a},L lle above Jo00e0 (543ooF); that of Hfcr the highestt

ls about 39ooi0 (705oeF). Th* sarbid.es of tungstenr vanaiilunt

nolybdenun, and boren, the nitrldes of tantalum, zirconiusl, titaniun,

and. scandiUpl'and the bOricles of hafntunr, zlfconi.unr and tungsten

form a'grqrrp hqving nelti.ng points between 25AO and JOOOoC (+53O

and 5430oF.). .

o
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In generall all of the above conpounds resl$t deeomposition

at high tenperatures. Thei.r reslstance to conosion by various

gases a.t high tenperatUres has beon observed qualltatlvely to

differ aecordlng to the posi.tion of the basis motaL ln the Periodlc

Tabl-e. In liarticular, the carbides of elenents in Group IV (Zr, Tit
'and Hf) and 1n Group V (Ta, Cb, _and 

V) are ieported to corublne the

best.neslstanee to 0g, H2y N2r and H20 (vapor) at high temperatutres.

. Add.itlonal data on physicql proper.tles, crystal structuret

and cheptqal properties are given 1p {ppendlx 11 and Tables II and

III.

III. Conclusiogls . ,

A. Al.though they have been 1ar'ge1-y overlooked as. naterlals

for htgh temperature gervice, the netal qarbid.es, nitrldeFr 4Rd

borides have extremely hlg} nel,ting polrrtg, and cOnseqrrentlyr thow

nuch pronise'as uetelials for Jet- and rocket?englne service'

B.Tirecarbidesofhafnlunrtantalunrzirconiunrcolunb!'unand
titantr;q are the only known ggnpoundse in elther the ccramic or

rnetall.urgleal. {lelds, wit[ ue]'ting polnts slgniflcantly above the

calculated rocket-notor fl,ane ternperature of 293O"e (!3OOoF).

lthtive data on theqnal expansion and. conductlvlty,' C. Quantlthtive data on thellnal expal

strength at high lemperaturesr agd corroslon resistance wllL have

to be obtalned lefore firrther selectlotr of like1y corlpoundq can

be rnade lnasnqqh as infornation 9n propertles other than.nelting

polnl, where ava'llable j.n.the literature, is gfven nainl-y on a

qualltative basi.s.
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IV. Reconnendation

Ao It is reconmendcd that the rnetal-base carbi.desr nltrid-esr'

and borldes be investlgated. thor6raghly for appllcation in iet antl

rocket-englne service folLowlng tFe pragrau outJ.ined ln .&ppendlx B'
:

" ResPectfullY suburitted,

(signea) -8. A. Kachi.k ,

E;-E-EchIE;-F"Fbaich A ss I sta.nt

( Fiefr-g4). F,... Ar H]lllpel , - .- ,

ilE-ThlnneI;F'e s daich A s s i s tant
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II. Factual. Date :

A. Literature Survey ,
i

1, Meltine Points and Stabi'lii.ft

. Table II lists the neLtir.rb pofnts of the high-melting,
J

netaL-base compounds, viz, the netal Qompounds of carbon, nitrogen

and boron.' The numbers in the third 
"''ofuto 

of this table refer

to the references in the.appended bibliography.

' 0f these, the carbltles or roarbide mtxtureg as e glass

nrake up the highest rnelting naterlal.s'know:1. HfC, TaC, ZrC, CbC, TiC,

80f, Tac 
"20% 

Hfc, and 80 TaC t 20fi ?,llc, all have nelting points above

3o00oc (S4:oor). 0n1y Tai{ and HfB, of the otlrer types listed, have

melting points above this 
.ternper:ature. 

0n1y three elenents--carbon,

rhenium and tungsten--have melting points of 3OOOoC or abo-ve (221. 0f

theser onlX carbon (M.P. 9500oC) anct tungst:n (m.p. 337OoC) have nel-t-

lng points that exceed 3000oC appreclabLy. T.he l-atest listing of the

nelting polnts of cerani.c materials (I2) inlicates that 3000oC is about

the linit for this class of materials.

For rocket tube selvioer therefore, the carbldes, and

particularfy tne fiist seven. cornBounds and cornbinations in Table ft

appear to qffer the most promise. However, for iet engine servicet

frorn a, rnelting point basls a3.one, all of ttre eompounds llsted offer

po'ssibility for successftrL applicition.

The compounds in Tabl,e II have not been thoroughly inyesti-

gated with respect to stqbility at high temperatures, which propertyt

with rnelting point, forms the first criterion for their successful appll-

catiorl. Pertinent connents, with references, are given in the last

d.lcre
Act, 50

o
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o Friederich and Sittle (17) 'reported that tl..tanlunt

zirconlu.n, and vanadlun carbides undergo little or no cleconpositlon

on heating below ttre nel-ting point, but that col-unblun carblde 1s

decomposed ancl tantaLrgn carbl4e partlapy go by heating below th'e

neltlng point. Llowever, Becker (9), Ln his book, trlloehsctrnelzende

Hartstoffettl states that the carbldes, wfth the excePtlon of WC,

MoC, and Mo2C, nelt without decomposlng 1n a vacuum or Lnert

atmqsp[ere. Several rirlters (Llri;gr2lr}g) agree that WC is un-'

stable a.bove 2o0o"c (3630"r'). Friederlch and Sittig (17) dlsagree

with Euff and W.unch (28), Sykes iGl9l t end the datq conplled by

Gregg (19), in asserting tha't T{2C degon:poses beLow the meLting

point. The results of ihe latte'r lnvestigators haVe been tnore

generally accepted. It appears agreed (L7) (18) that both MoC

and l[o20 deCompose be],ow the nel,ting polnt. Boron carblde was.

found to have littl,e vapor pressure at the neltlng point by

Bidgewgy (t5;, frsrn u-[ich lt gee&s reasonab].e to assune that the

6arbtde ls stabLe.

. The nltrldes gf ztrconiwr colunblunr tilaniun, and

scandium were reported stable op lo their melting points bV

Friederich and. Slttig (15). In repor,ting on. the work'of Agte (2)t

Becker (9) eohfirns thls staternent for Tl.N and frNr and adds TaN

to.the l1st of stable nitri.des. vanadiu.n nitrlde on heatlng

evtdentLy parttally decocrposes (16), although the degree of decsm-

posltlon or temp.erature at v'hlch deco4p.osition occurF was nst

specifie.d. The nltrides qf boron, siticon, alWinup, and leryll'ltrm

Sublj.ne at h1811 tenpefatures and eqUld be melted only under

pressure (16),

.Dd ?- ltt
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o
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Agte and Moers (a) found that the three borldes listed
.dtd not deconpose befqre melting.

0f the tr.lgh-rneltlng connpounds llsted in. Table II all
but I.loC, ilio2Q, Vf0r'.Bn, Si3ll4e A1N, BeN and probabl-y llrl appear stabl-e

enough to justify further considerdtlon,.

2. Thermal S4gnslon an4 Colr4u.ctlvltv
' The coefficlent of, thernal expansion for TaC was

determined by Becker (8) and founil to be 8.? x 10-6 between room

tenperature ancl 23B0oC (4355"F). He aLso d.eterrqined this property

for TfC and T[2C, 'ge found that the coefflcient of therunal expanslon

for Trl2C was 11.4 x I.0-61 and. L.2 x 1O-5 fn tfre (00L) and (100)

dlrections, respectlvelYr and for ltl0 wa.s' ?,3 x 1O-5 and 5.2 x L0i6

for the sarne dlrections, respeetively. No simii.ar data.fof the

other conpognds listed ha$'been publishecl,

Data on ther'$al qonductivi.ty were not foundt and

evidentl-y ceterninatlons of thiq prope.rty have not been nade.

i. $treneth .
#

Onl]r ttto uleasurenents of tsnsile st.rength $uere re-

ported, Becker (9) obtained 2-3 ke/nn2 as the tensile strengttr

at rooul tedperature for denser polycrystalline, lr? nrn dlq., TaC

wires, which had been Frepqred.by carburlqing the rqeta! with a

gaseeus hydroearbon.

Agte (1) reported ttrat the tensile strength of WC

was less than 3J ug/uwz.

!, I,{eFistapee. 3e $ggm,s+p+ }g gg!. Ga,se,,s

pecker, (9) ln.Sunnarizing the Belreial obsefvatfons

of Frlederich and Sittlg (f.6) (f7) I Agte and Moers (a) r and of

=sgffif?= -I
-Io
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o ItoJ.bling and hlmseLf (10), correlated tre resistance of the hish

neltlng carbides to corrosl.on by hot gasses wlth the posi.tlon

of'the basis neta]. in the perlodic Tabl:. IIe stated that Group IV

carbldest (Zt, Ti, and lif) are stabLe agalnst oxidation by alr at
high temperatrires, that the stablllty agalnst attack is 'leps for
the qarbldes'of Oroup v elbnenls (Ta, Cb, ana V), and that the

carbldes of Group VI elenents (Ilt and Mo) are reaillly oxidizeil a

In the way of quantitative data he states only that ltloC ls narkedly

oxldized at lOOeCe WC at ZOO"C .and TaC. at 800o0r but tha! Oroup IV

carbldes show no oxldation at thqge ternperatures, Iligher tenper4-

tures than thls v,'ere not mentioned. Friederlch and Sittig (J7)

reported that TaC powder burns readtly in alrr bUt that TiC powder

was dtfflsult tg o.xL4lae g.t ttlncandescencen, These autho-ls found

that a ObC compact decarburized 911g!X1y on heating'ln alr,
Agal.nst nitrogen at hlgh tenpefatures Becker (9)

cl.isslfied the carbides of t\e 0roup IV elepgnts (Zr, Tt and Hf)
'as Least feslstantr'and reported that these carbldes are deear'

buriged appreclably by nltlggen at tenperatures above L55O"C.

Group V carbldes (Ta, Cb, V), on the other hand, are slnllarly
attacked by- nj,tlogen oply near their nelti.ng polntgo Since the

Group YI netals (W and Mq) fo.rr rro stab.le nltrides, they are

cornpletely resi.stant to the actlon of nitrogenr

IrTater vapor and trydrogen, aogord.J.ng to the sane

authorr have much the same effect as oxygeno The.carbldes of Group

IV eLenent$ are most reslstan! to'attack by vrater vapor, whiJ.e those

of Oroup VI eleqents atre least, Group fI/ carbides show the best

reslstanee to h]'drogen and Group VI carbid.eq the poorest. Thls gas

ses the car es. at 15OO"C,
dcie
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Becker (9) siates that the carbldes are very reactilve

with chlorinating agents at hl'gher temperatures forning the'respec-

tive chloride. Tlhen oxygen or'sulfur ls aLso present, the corres-

pondlng oxide or sulfochlorlde j.s formed. The two carbldes of

tungsten show rnar.kedly different reactlrrlty toward chlorine t lt2}

is rapidly attacked by the gas at 300-400oC, but tiIC ls aLnost innnrne

to attack 1n thls teurperature fange (9) 
"

' Against general ahecnicaL attacigo the carbides show

very good resistince, and a.re <iissolved only by the strongest

oxidlzing acicis and fused, alkaLj,es (17).

The corroslon reqistance of the nitrides and borldes

has not been as'extenslvely studied, Scandiun nitride oxldizes
'readlly at red neat (16) and colunbiun nitride'olidLzes slightly
to columbic acid on heating in alr (16). Becker Ot states that

the nltrides are senewhat EoFe stable trhan the carbicles agalnst

attack by oxygen. Fhe borides, he rena.rks, are very sensitive to

foreign gaseso 
.

Frost ttrls information it eppears posslble to further

11d11t the investlgation of nateria].q for high-tenperature service

to conpounds of Group fV or V clementsn since these compouncls.

evidentl-y heve the.nost reslstance to c'xidizlng gasesr hydrogent

and water vaper, Since the conpounds of Group V elements e.Lso have

good reslstang-e to nitrogen thi-s group app€'ars to provlde a'good

starting poiqt for experinental work,

E. Crvstal Structure of the Conpountis

Table IrI sunmarlzes the avallabLe X-ray crystallo-
graphic data (?2) and densl.ties (25){9J f,sr the conpounds in Table II

drlcore
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The cublc NaCl structure predonlnates although there are seve
:

hexagonal conpounds. The borldes have not yet been fully in-

vestigated.

6. Metalloeraphv

The lnterreaction 9f the various eonponents of the

gystens maklng up the carbides and nitrltles has been brlefly coll-

sidered by several' lnvestigators (2r3t4r9rLLrL6r29). The results

have been corlected b-y Beci<er (9). A trief "t"tt3 
of features

having i-ossible significance for the present investigation follows.

The conpounds CbC and' TaC show no narked solubifity

for elther carbon or the netalg however', Tl.Cr ZrQt and HfC dissolve

consid.erable amounts of .carbon at high ternperatures, $rlth cort€s-

pondlng decreases ln th.e melttng polnts of the cqnpOunds. This

carbon is precipltated on coollng. Tf2C dissolves appreciabLe

quantitles of. bOth carbon and tungsten at high temperatures. WC

apparentl,y dissoLves littlel lf any, of either at any tenperature.

Snal1 amounts of both Mo and 0 were found solubLe in Mo2C.

The rnetal-nitrogen systems are rranalogous to the

carblde sy5tensrt (9) o The netql--Foron systens have been studied

only enough to. lndicate that they are \tery corylex.

' Inter-ca.rbide and nitrLde reactions .have aLso been

studied., chlef}y with respect. tg the llquldus. tenperatur€so

Becker (9) gives the fol-lowing lnfornation:

1.' TaC qnd. 1V2C forn a eutectlc at about 3o/l la[o 0n

elthef side of the eutectlc point the llquidus curve

. extends i-n straight-line fashion tQ the ne1t1n8 point

of each cornponento

-III
I
I

a

a
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O 2. GbC anrl'lrT2C forrn a eut,ectic in the range LA+25/, CbCt

3. ZrC' and W2C are lranisclble in all proportlor:sr As

3.ong as any Tf2Q ls present the nixture becones nushy

at'the meltlng point of W2G.

4. For the CbC-TaC system, the fiquf.dus tenperature shows

. a gradual, increase' fron the nelting. potnt of CbC to

that of TaC.

5, CbC and ZrC havo practlcally the sane meltlng polnt

and. the llquldus I1ne is nearLy horizontal,r

6. The systeng laC-ZrC and. TaC-Hf0 each shorrr a. neltlng
polnt rnaxlnum at the gOft IaC corrposition (See TabLe If).
The r1aximrm is signlftcantLy above ihe meLtlng point

of either eomponent for. bolh systenso

7 o . The I'lN*TlC system has q nelting polnt mexiriurn at the

5O-5O cotryosition, Thi.s nexirnrn exceeds .the nelting

point of .Tj.C, the higher nelting cornponontr by onLy

45"Cc ,

8, The addition bf TaC io TaN apparentXy results ln a

gradual increase ln nelting point for the resultlng

qlxturesr 4l.though only the 5O-5O conrposition was

lnvestigateil"

9, Consl.derabl-e study has bee: given alloys of the

eernentecl carbi.de type wbicr usually conslst of hard

. carbiileq (usually tungqten d'r tantal'un) inbeddeil or

ceroented ln a soft natrix or binder (lron, nlckel or

sobalt). fhe binder; by a1loyLng. with the carbidest

sebures the coupact against dlsintegration. These
3

ddence
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material,s have melting points or ranges that afe

deterninbd by .the binder ancl noreover that are

usuaLl-y relatiYely J.ow. They are probably'of little
use for the necessary expog.ure conilj.tlgns.

lauo.l atclclre
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IV. Recomnendations

A. Prograu of Research on Metal, Conpbunrts

As noted und.er rr4rr of the titerature Surveyr Appendlx At

compounds of Group IV and V elenents appear to offer the nost

pronlsel and shouLd, therefore, be consldered first. Ihe carbidest

as a class, melt at fer highbr temtlere.tures than other knovrn

naterials and, loglcaLlyr seen uror,thy of roore enphesis than the.

other compound.s, eqpeelaily for service where tenperatures up to

3OOO"C nust be wlthstoodn Howevep, for Jet-engine servlcer where

an lncreese to l5OOoC in conbustlon tube operating tenperature woulct

constitute a narked inprovenrent, all of the stabLe conpounils in

TabLe II sholrld be :lnvestigated.

TiC, ZtC, YC, TaC, CbCr W.Cr TlNr and ZrN are supplied

by severaL firns at prices renging from &O"l5iLb, for TIC to

#62.75116" for high purlty Cbc, Fron a practical vlewpoint'the

Least expenslve'conpounds, either to buy or to nake, should be

tested. firstn It should be borne ln ni.nd, however, that fabrl-
cation eosts of the finlshed paft tnay )e high enough that ma.ter1a1

cost ryiIl be a mlnor faetor. Fqr this rea.son material- cost shouLd

not be allowed to beconc the deciding f4ctor, at least until more

information j.s developed"

Ibe, follovring general prograra ls proposeda

1o The purchase of those conpounds aval.l-a.ble cornmerciallS

and the Ffeparation of thosd not availableu for testlng purposes.

It wtl-1, be necessary to design an<i construct sutta.bLe apparatus for
preparing these compor&ds.
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. 2, Deterninr.tion of the thernaL conductiviw end ex-

pansion characteristics, strength, and resiste-nce to corroslon by

hot gases of the colleeted compounds. Conpac.ting, slnterlngt and

testing equipnent will be nejeded"

3. If necessaxy, the deternination of other character-

istlcs, such as crystal structure, densitYr and interreactlon wlth

similar o.r dissimilar eonpounds and substanceso

4'. If 'several naterial's or conpounds are.nearly

equally promising fSon the testS in (2) on the previous paget.ease

of fabricatlon, cost, and streng.th/utdigLt ratio *111 deternnine the

selection gf roaterial for'flnal- trials.

5.' Fabricatlon of adpfoPliate shapes fron suitabLe

compeunds or conblnatj.ons, for sirrule.ted service tests and finally

actuaL operation es jet- and rocltet-eng{pp paptsn

ol tllc
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Tabl.e g_

Mi.tlns Potnt and Stabll-l3r of High-Meltlne lt{etal-Base--9ggp9g&

of Bpferences Remarks on Ftabil-ilyCompErnd

8o1[ TaC+ZQft HtC
80/" la0"z)fr ZtC

HfC
TaC
ZrC
cbc
Tic
vfc

BeN

HfB
ZrB
tsB

3940 tr50
393a t$a
3880 r.150
3870 s l-50
3530 

'^r2535oo'x125
3rtro t,go
28'70 u 50

7L20 t27Q 3
T]'0O r27O 3
7020t.270 3
?000 r270 3
6390 t225 3
633a --225 3
'5680 r L60 I
5190 r90 3

5I7O t' 90
5r25
t$75't 90
l+865 t9A
4260-4530
,070-5t+50
5300
5400* 90
5300
4800
3810
3810
5l'3o
3200
4000
4000
5540
545a *99
5300 ::90

]-.5,r7 ,2Lr25
r7,25
l'l,25

,
,
,
t
,
,
,
, 5 ,? ,J-'.| ,I9 ,2O r25 r28 r29

3 ,5 ,7 ,L7 ,!9,2O ,25,28,29
L7 r25
3rL7,7.8r25
3;L7 r18r25n
lrrl6r25
r.6
lnr25
l+r]..6r25
L6
L6
t6
L6

MeLts without decomposition (9)
rrnu(9)
n r , r. (9)

Contradlctory-see text
Me1ts without decompositfon (g)(1?)
Contradictory-see te:rb
ltlelts nlthout decomposition (9) (1?)
Deconposes at 2600oc (47L0oF) (g) (rZ)

(rg) (28) (ae)
Contradictory- see terb
Melts without decomposition (1?)
Decomposes below M.P. (9)( Z)(fg)

illlil

Melts rrrithout decomposition (2?)
I'i[e].ts wlthout decompoeition. (9) (f5)

n rr 'n '(g[fa)'

T4,
t5,
15t
,25

I
I
I
8,
8,
8,
!7 II

II
If-rtt

I

ITZC

vc
MoC
Mo2C
84c
Tall
ZrN

n

TIN
gcN

cbN
vN'
BN

Si3Il4
AlN

2850* 50
2E3A
2690't 50
2685 t 50.
2350-2'50a
2800-3090
2930
2980 t 50
2930
?,cr50
2050
e050
3000*
1900*
2200+r*
2200**
3060
2990 l-.50
agz5tr5o

I

-
I
I

I
I

I
I

I

-
I

-

r
I

a

-

-I lr

It

ll

ll

lt

ll

fi

ll

(re I
)'
)

(e)
(rb
(16

decornposed befbre meltine (16)
I
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AIIEI'IDU-J. EDEGEN:'MIDEBAItsD ATOlt'lIg ROCXEII

G. Gamon, F. Tr Mc0lwe and R, B, Kershner

Since the atomic rockets must neeessarlly use lryclrogen as. the work-

lng fluld, and since ltquttt lqplnogen renresents the be.st possible noder-

ator for enrlchgd plles, lt ls qeasonable to oollsicler the posslblllty of

an atomic rocket notor ln which.tgrdrogen serv€s both purposes, Irr thlg.

case f-iquid hytlnogen corring fronr the tank nmst' first strean through the

pile'structwe with !.ts origlnal low teraperaturg andt. high density (rnoil-

'6.Lating stage) belng l-ater hiaatedl up and acceleratetl to a high ve3.oci.ty

on lhe way to the nozzle (aecelerattng stage), Thls entl can perhaps be

achleyed by having a serLes of channel-qrstenrs tlrrough the body of the

evrriehed u:Caplun. Flrst, hydrogen entering fron the tank is sent thnough

rathsl bnoed ohnnnels' thus receiying gomparati'rely UttLe heat flom.the

hot wall-s ancl nentrining in the liquirl state tl.rough the natn pa'rt of its

tnavel-, After havlng acb onrplishetl its. nodera ting. firnctlonr hydrogen

enters the system of nerrow channels ,'rhere it ls rapidly heated and ae;'

celerated torsards the nqzzle. ThB problerr of. developing a rocket note

of sueb type spfits essential.ly into trvo parts z ,'

1) Critical size of hydrogen.moderatedt pi.Ie aad

2) ' Ttre poblen of heat.transfefr. and the arrongenenl of

channeLs necessary to keep hydroipn flom belng heetedl

. in the flrpt (rnoderati4g) stage, ancl to heat it up fast

enough in the second (aocelerating) stage.
I
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l} A. The qqgleaf "Pgg.blem,

In order to design the snallest possible hydrogen-moderated pile,

we can .start with the so-called rratonic weter boil-erfl as.idiscussetl by

Dr. Ohrlsty 1n his Chicago paper. Considering a hornogeneous soLution

of enricheti uraqtun saLt in vrater, Chrlsty arrives e$ the following

bof,ler.characteristics corresponding to the nininun arnoirnt 'of tJ235z

Radius 22 cm. (for'a sphere)

. Mass of 1J235 = 1'5 kg

lYe subJect Christyrs nodel to the ioS.lowing transfornqtions which do

not affect its efficiency.
- 
I) Instead of a sphere we take a cylinde: of about the same

. volume, the length of the cyLinder being equa3. to its dianeter.

2') Replace water by liquid hydrogen, This uril1 not affect gfeatly

the efficiency of stgilerator Fince olcygen atons in the rvater

mo!"ecul-es are unimportant either in slqwing down or in capture

. of neutrons, ancl because the atonic density of hyitrogen'in the

liquitl state is of the sane order of rnagnitUile as atonic density

of hydrogen in rate. (,ole/.3 v's .ttg/c#).

il Insteail of having honogeneous distribution of uraniutrlr introduce

it ifi the forn. of thin cylindegs surrounded by.liquid hydrogen.

If anybhinge sqch transition from a honogeneoqs to the Lattice-pile

will irnprove its efficlency. The ne1r pile wil-L thus be described

by the following rough'figures:
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Dinensions: 
dianeter try 'l& x 1'l+ = 52 cn

length n22 cm

VoLune 1.1 x 105 cm3

lretght of tJ235 n,;'t+ x Ld gn

Total weight of g (eS coneentr. of Z?l5l 200 x 103 gn

Total voLune of U (denslty. : 18.?) r-10 x L03 
""3

Fractlon of total volune 1
occupied by Il - netaL: * Ii

Volume of liquid hrdrogen = 1 x I05 
"r3

!.veight of 3-iquid hydrogen (density = O.0Z) . 7 x 103 gs,

B. The.Fegglor Design , ProbIgE

The advantage of the hydrogen-noderbted reactor over the carbon nod-

erated reactor nay gome about in trrio uays. First, the critical dimerisions

may be snal-Ler so that the ove::all reactor size'rnay be nore m6nageabLe.

Second, the use of such a 1ow density moderqtor rnight nateriaLly'd,ecrease

the weight of the reactor beciruse of the afunsst negligible weight of'noder-
:

ator. .Horvpverr with respect to the. latter polnt it rust be reniembered thet

in order. to use a liquid hydrogen-noderator, the rnain body of the hyilrogen

in tbe reactor must be protected from the heate'ts. This implies a rnultipre

honeycornb type of structure in which a series of counter-current heat ex-

changers satisfy both the healing anrl cooling requirements sinuS-taneously.

This, in tilrn, inplies a considerable anoutt of rtstructureil in sueh a

reactor end it appears that the crucial problen is rrrtrether this structure

weight ea'n te reduced to a value as 1ow or Lowe: than the noderator ueight

in the other'ease. Rough analysis shows that tais desired reguirement is
not easLLy net. Very careful analysig ntLl. be reqlired to evaluate the pos-

sibilities of the hydrogen-uoderated reactor fo: rocket motors,
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