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1
14'*‘J'anuary 1947
TO: L, R, Hafstad
FROM: A, E, Ruark
éUBJECT: Transmittal of Progress Report entitled "Nuclear-Powered Flight",
by an Informal Commfittee of the Applied Physics ILaboratory of
the Johns Hepkins University,
In accordance with your verbsl instructions of about 9 .June 1946,
the Committee has considered the general problen; of air vehicles driven
by huclear pever, Three copies of the subject report arc respectfully .

. submitted herewith, A first dz;aft was submitted October 25, 1946, Since

fhat time many errors have been corrected and much new raterial has been
added,  The initial distribution is ‘indicated in the report,

Your comments and those of other interested persons will be
appreclated by the Committee, Review by suitable members of APL is hereby
requested, ‘

- It is believed that any further work on this subjeet at APL
should be carried on by a small steff with fresh instructions, and that
the existing large Acommittee should be discharged in the near futuref

FOR THE COMMITTEE |
i"’: AT
- Arthur E, Ruark, Chairmang
> Technical Supervisor '
for Research Laboratory,
AER:rh

Enol,' 3 «~ Copies 1, 2, and 3 of subjeet report, ﬁ ,

ionage Act,
oR htvewmata@diion of its con-
eriZed persons is prohibited by law.
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CHAPTER VI. HIGH TEMPERATURE MATERIALS

By Arthur E, Ruark

p Introdup#iqg

In earlier chapters, pile surface temperatures ranging from aboﬁt
2000°K (1725°C) t6 30000K (2725°C) have been considered for various vehi- |
cles. Since there must be a temperature drop in thé pile to bring the
energy to the gas-solid interface, it is clear that we are considering
a range in which customary ceramics have little. strength. ' In the absence
of softening and spalling data for very pure graphite and béryllia we can-
not specify the temperatures wﬁich must be chosen for nuclear-powered -

rockets, ram-jets and turbojets. Therefore resilts for a range of tempera-

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

be presented to indicate possibilities and to guide structural studies.
We consider in succession the following topics: high-melting elements and
compounds, piles, control rods, and protection of an atomic warhead agairst

neutrons,

‘2. High Temperature Materials

Table 1 presents the ﬁelting points of a‘humber of solids which may be
useful for high temperature structures. The list also contains fissionable
materials anq a few boron and beryllium éompounds which interest us because
of their neutronic characteristics.

The sources used in compiling this table are "The Haqdbook of Physicé
and Chemistry," "The Chemical Engineer's Handbook," and a.recent report of
Kachik, Hummel, and Henry which gives a very complete survey of borides,
carbides, and nitrides; this is reproduced in Appendix 3. As stated in their
report, it is striking that practically all of the borides, carbides, and

nitrides studied resist decompésition at high temperatures. The report

This document contains information aﬁmthm% nnﬂonal dﬁennsg

%f t;leCUnibed States within the A /, " 5 2 2 0
ang transmjssiog or She,rexglation, pflifs con-
ani nner. unauthonize: ' H % Erohiblﬁed-bg law. 4 '1‘
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Table 1, Melting Points of Solids for High Temperature Use

Degrees Centigrade

Elements Oxides, " Borides Carbides Nitrides
Silicates
c " >3500 CrB(3) Looo(?) | 0.8TaC,0.2HfC 39L0 TaN 3090~
: ‘ ! 0.8TaC,0.22rC 3930 .- | 2800
. w 3370 . HfB 3060 HEC 3880 BN 3000(Ly)
5;05';3 . , TaC 3870
FasERe 3000 : ZrC 3530
eendi® CbC 3500
e TiC : %10
:.._,gf 2850 ThO, >2300 ZrB 2990 We ' 2870 ZrN  2980-
Nt 2700 Mg0 2800 WB 2925 W,C 2360 2930
g s6xr | 2Zr0p 2700 _ L vE 2830 TiN 330
g 2450 BeO 2570 | . ¥oC 2690 Sci 2650
_—y 2350 CuZrOz 2550 .  MooC 2685
oo kB(1) 2300 2r8i0 2550 : . B)C 2500~
=} 0 U0 (2 2176 1| " 2350
* 9000 I" c-:o‘
"d"“ﬁ 31203 4 205 .
— :
s g . 1985 : _ .
S 5 EECD 1950
.ff:{; %Yr . 1500
5§’ <1850 ‘
7 1545 : ;
T4 1800 !
Yb 1800 : i
Be 1350 . I I
| 1l

Notesr (1) Boron boils at 2550%,

(2) Uz0g decomposes before melting. .
(3) See Tex't- . ~
BN sublimes below M.P. The M.P. given was obtained under pressure.

The table of elements includes all which melt above 1800°C,

122 S17%
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gives some data on resistance to corrosion by gases, which varies according

. to the position of the metal—con{rpor}ent in the periodic table, The authors
remark tha% the carbides of group IV and group V eleménts combine the best
resistance to oxygen; hydrogen,énitrogen, and water vapor at high temperatures.
Through the kindness of Mp: I. R, Kramer of ONR oﬁr attention has béen
directed to the high melting compound, chromium boride, At present this
material is used, in combination wiﬁh large percentages of nickel, as a
spray coating én metals.,
Mr. A, R. Parilla has called.our attention to the work of Ryschkewitsch
on pure alumina, beryllia,‘zirconia, and magnesia, It appeafs that this in-
vestigator has developed a technique for manufactufing these pure oxides

without binding material. It is stated that pure alumina has the follow-

ing physical properties:

Compressive Strength, greater than ' 5004000 psi
Tensile Strength, approximateiy 40,000 psi
Modulus of Elasticity, approximately 60,000,000 psi
Microhardness, _ 3000 kg/mm2

It is also stated that these values are éubstantially maintained at tempera-
tures up to about 1000°C, Ve mention this material not becéuse of its melt-
ing point (2050°C) but because these physical properties are exceptional and
becausé the method of manufacture may open new fields in missile technology.
The striking points in Table 1 are these:
(a) Only three elements, carbon, tungsten, and rhenium, melt
'above 3000°C. .

(b) All oxides listed melt below 3000°C. | .

(¢) It has been reported to us that chromium boride has a melt-
' ing point of the order of 4000°C. This requires a check,
in view of the fact that only three other borides have

document containg information affecting the national defense
e United States wltzn the meaning of the Esplonage Act, 50

g S. C., 31 and 32. I ansmigsion, gr the reyglaton &f §#s con- »
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melting points close to 3000°C.

(d) Attention is called to the existence of several carbides
and mixtures or gllé?s of carbides, melting above 3500°C.
These are the highest-melting compounds known.

3. Pile Materlals and Structure

For the 5000 mile rocket, summarized on Page 4.17, the burning time w111
be about 220 seconds, in which time 50 tons of hydrogen must pass through
the tubes, After that the reactor must be shut off. Structural integrity
will depend on the.short-time floﬁ-properties of the hot pile material,
and if the pile be made of carbonaceous ﬁaterial, its reaction with hot
hydrogen must be considered. UTonditions are quite different in the.ram-jetf
If the vehicle flies.at a height where the air density is 1/10 of the value
at the earth's surface, each squére foot of iﬁtake areg will require about
forty pounds of air per milé of flight, or 100 tons for a 5,000-mile flight
lasting several.hours. The lower gas éensity (as compared with the rocket
case) will favor less rapid corrosion, gnd creep during the time of flight
will presumably be more important.

It is‘suggested that carbon (density about 138 1b./cu. ft.) is a favor-
able moderator for a pile in a liquid-hydrogen rocket. Carbides of fourth
and fifth group metals are not compet;tors because of neutron absorption,
but could be used in minor quantities as structural elements.

The ram-jet pile ig more difficult. Oxides and silicates are logical
materials for use in an oxidizing stream, but Table 1 shows that for the
best of these materials the margin between melting point and proposed opera-
ting temperature is narrow. It appears'necessary to uée.BeO, or to employ

carbon as a skeleton for the pile structure, with a BeO coating to provide

. surface protection. At points in the interior of the pile, presumably the
ﬁﬁﬁ%ﬁ%ﬁﬁ&%ﬂ?““&“*“"mm““ﬁ 415 223
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BeO would be molten. So far as we can find, no attempt has been made to

develop such structures. Thoria is doubly attractive for such a purpose
because it is very refractory (M.Pg, 280006), and because it undergoes
fissionlby fast neutrons. Also, séme fissionable U 233 may be p;oduced.
(We do not have the equilibrium times for production of this substance

from Th232 by the neutron, beta, thia process.)

~ The reinforced-concrete princgple can be used to give greater struc-
tural integrity to the whole mass. Although tungsten, for example, would
be highly oxidizable in the ﬁot air stream, it could be used for a skeleton

of reinforcing rods covered with.the moderator material.

4. Control Rods
The cross-sections of several elements useful for absorbing slow neu-

trons are as follows:

B0, - 3,000 barns
cd 2,600
Cd isotope responsible for 80,000

absorption (113)
Gd ' 30,000
From this it is clear that thé fayored position of cadmium in nuclear
research is due to the convenient properties of cadmium metal and not to
any exceptional properties of the natural cadmium mixture of isotopes; also,

that separated cadmium 113 might be remarkably interesting. Any rare earth

mixture rich in gadolinium should be a very valuable neutron absorber.

This document containsg information alect!nz the national defense
§ 12 Ul e i, o mesnin of (e Solomae %20
8 Ny §T ;-e ;e T, ts con- '
tents ln::gxy-mamu- $o urmigthurizetl p eBsons 1s:p hibited by law. 4 1 5
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. - In the absence of data on cadmium carbide, we note that boron carbide
melts at 2,350 to 2,500°C. This is not sufficiently high, for the condi-
tiéns assumed in this report, so the use of rare earth compounds is in
order. We suggest that investigation of the following control devices (or
variations of them) may be fruitful: |

(a) CrB or €dC in carbon tubes, or in the pores or cavities
of a suitable carbon body.

(b) Alloys or mixtures of TaC, and HfC, with reasonably small
percentages of gadoiinium compounds, ,

(¢) Alloys or mixtures containing separated cadmiiim isotopes.

2. Protection of the Warhead apainst Néutrons

DELETED

The question now arises whether neutrons from the pile can transmute
so much of the uranium in the warhead that it becomes poisoned, to an ex-
tent which will prevent its explosion at the target. Here we have to deal

’,, with the effect of poisoning on a fast neutron reaction. We have only

This document tains
of the Onttes S“l:? I.nformnﬂon nﬁect!ng the naﬁonal defense
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limited information on the fast-neutrén cross-sections of the fission pro-

I

ducts and their progeny, as a functibé of the neutron energy; 4 barns is a
1] .

AN

fair estimate and no exceptional cases are anticiﬁated. However, to take
.' #

care of any unfortunate combination-df unknown circumstances, let us see

what shielding will be required to reduce the neutron flux to utterly

negligible values. "

(Wé wish to avoid discussion oé the limited chaiﬁs initiated by slow
or fast neutrons which fall‘on the warhead uranium, because the average
liggth of such chains will be sensitive to the cross-sections employed, and
will depend on the unknown geometry of the - bomb.) _

Suﬁpose fhen,‘that in the nuclear energy rocket of Page 4.17, the
center-to-center distance of the warhead and the p%le is about 500 cm;, to
make room for a iiquid h&drogen,t;hk. This is surely an underestimate.
When the tank is full, the number of peutfons which can reach the warhead
directly is negligible, but wﬁen the tank is partly empty, we fall back on

the absorption in the TNT, or in additional absorbers.

We list the following approximate datas

/

Number of fissions per gr of fuel 1.5 1015
Grams of fuel e 4.6 107

Total fissions during the powered flight 6.7 1022
Approximate number of'neutrons escaping 7.4 1022
No. of nmeutrons striking 1 sq. cm. of the 244 1016

bomb material
Consider them te be a parallel stream. Three feep of.TNT is satisfactory
as a neutron slower. If then a small amount of gadolinia can be iﬁcorporateq
in the inner portions of the TET to absorb the slow neutrons, the bomb will

require no other shielding because of the following dats:

This document contains information affecting the national def 41 5 22
of the United States within the meaning oi the Espionage Act, 50
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Absorptioh coefficient of gaﬁ@linia for thermal neutrons:
‘Fraction of the neutrons passing a 1 mm. gadolinia layer:

If, on the other hand, this changezis not possible, it may be necessary
to reduce the neutron flux by outside éh{elding; probably 20-30 cm. of highly
hydrogenous material and 1 mm. of gadolinia, This shielding would have to
be avplied all around, because-more faét neutrons will get at the warhead
by passing out from the missile and befng reflected back to it than the
number which pass directly to it, Thisimakes it clear that a very moderate
weight of absorber will reduce the effects in the warhead to negligible
values., The situation will be similar in regard to the shielding of elec-
trical controls, etc., as far as neutrons are concerned, but the gamma ray
problem has no such attractive splution.

The fuel in a nuclear hydroéen rocket may also need protection égainst
loss by boiling due to absorption of energy from nuclear radiation, as
pointed out by Alvarez (Ref, 2), McClure and Kershner suggest that this
might be accomplished by haviné an outside fuel compartment, serving as a
neutron slower and to some extent as a preheatef, and separatea from the
main tank bngadolinia. The additional weigﬁt may necessitate. a much larger

rocket for the same payload.-

'Reference: Norton, F. M,, Refractories, McGraw-Hill, 1942,

Alvarez, L., talk on nuclearrpowered plancs and rockets, before

the Aero Club, Washington, D. C,, Dec. 1946.

This document contains information affecting the national defense
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APPENDIX 1, THECRETICAL DISCUSSION OF A
SMALL HOMOGENEOUS ENRICHED REACTOR

Reproduction of a talk befere thé American Physical Society,
Chicago meeting, June 1946.

%

By R, F, Christy,
Institute for Nuclear Studies, Univérsity of Chicago
I will first desoribe the "water boiler" physically in order to
proyide a picture of what we will be talking about, Then I will geo into
a little detail of the neutron design of the machine, Then I will

ketch the performance of the machine, '
¢ ) AP ctn ///4//4

~1 ¢
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Referring to the diagram, the machine consists of the reactor

proper A surrounded by a neutron reflector B which i.s surrounded by a
shield € except where it ¢ommunicates with the graphite "thermal column"
D, The reactor A consists of a non-corrosive (stainless steel) shell
about a foot in diameter contaiping the uranium enriched in 235 (ar
plutonium) as a water solution of a suitable salt such as U0, Soz or
U02(NO5)5, The a}gount of uranium 235 is of order of 1 kilo, The neutron
retjl,ecéor- (or tamper) B consists principally of beryllium oxide (Be0) in
the form of bricks made by cémpressing the powder to as high a density as
possible, The reflector  occupies a cube of about four feet on an edge.

The shielding C is se;veral fest of concrete with possibly some lead on the
inside, The thermal column D is a pile of graphite bricks perhaps 5 feet
. square and 8 feet long and serves the purpose of providing a high flux of
essentia'l]v pure TEhéammet mmmmmiiﬁg :

U. S. C. ..31 and 32, Its & ts con-
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The design problems in such a machine can be summarized-as
follows:
neutren design
¢ooling design
chemical (corrosion) design
structural design
control design : &
shielding design
There is an interplay between these problems but it is almost neglig-
ible compared to their interdependence in a graphite uranium machine
wherce the whole design is very critical.
I waiit to discuss here principally the neutron design. The
questions that should be answered for this purpose are:

U935 111 be required?

1. How ruch

2. In what concentration or how big a‘spl.rxere is required?

3. What materials should be used in the sphere and as neutron
reflector?

4. How big = reflector do we need?

5. Roughly wha t power cen we extEact —— how intense is oux
source?

6. How many neutrons of varicus kinds will we get for experi-
mental work and how much shisld do we need?

The amounts of materisl will be determined by more or less com-

‘pli‘,cated diffusion czleulations which can be carried out as follows. Our

fundamental neutron equation reads:

creation/sec - absorption/sec — divergence (current) = 48
. dt
now current =~ -D grad n D= Av 1_=Nao,
' A
absorption/sec = _n,, 1 =H6, v=_X
T’ T A

greation/sec = g .

This document contains information alect!ng f.he mﬁnn-l defense
of heUnited States within the meaning of the Espionage Act, 50 ’ P e 229
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Av d

B Aﬁ - !lﬁ q. = -32

so 3 n T + 3t

or for a steady state % =0

On - B +..E. _o0 = _.._A_
L s . 3

2 _ ?

L is the diffusion length and I =z

In a mltiplying medium we can write

creation —K absorption K is reproduction factor

L2

Acoording'to the derivation, L was the diffusion length and was determined

by the scattering absorption of the neutrons, However, if we are considering
a slovév neutron chain reaction, the fission neutrons which are made with an
energy of order of 1 Mev must first be slowed down before they are absorbable,
The problem cannot actually be treated gs a omervelocity problem, The above

equation can, however, be used as a felr approximation if by I we understand

<

= .r.:z... vhere 12 is the mean square diffusion distance between where the

neutrons are crcated and where they are absorbed, Thus ?= L251+ thh - where

1R

L2s1‘ is 1/6 the mean square slowing length, For the water boiles Lzsl > thh

and we can practically negiect any variation of Lz with concentration of Lf235 s
For fission neutrons in water, I is the same ag for 1 pf 2 Mev neutrons or about
25 cm‘z. )

For a spherically symmei:,ric system the solution of thg diffusion equation is

N

lf—'
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If we now impose the boundary condition at r R, that n O corresponding to

no neutron reflector we get

N *

\&_- 1 . d G7

=Ry = OR Re= L
L c 7T : c ‘JK...:,J_-

B; is called the critical radius and the condition in general is refex"red to

as the critical condition. We see immediiately that K31 for a 'self-SUS‘b;iniﬁg
chain reaction, Also, if K is considera%:ly greater than 1, 1.5 or 2, then
R, 72 4L so 1f LZ75¢cm !

Rc % 20 em
This is the radius of a water boiler mitl;out neutron i‘.elflector, The eritical
radius with a neutron reflector is somewhat smaller, Let us now find expressions

for K and for the mass of 0'235. By definition, K can be written

K=, absorption in U23’ :
absorption in inert materlal + abs, in Rz

where V is the number of neutrons per fission which we wﬁl take to be of order
2 or 3(1-)‘ We can usually take the abseorption in inert materials to be simply
the absorption in hydrogen, .

Let us measure the concentration C of 35 by the ratio

gbs,. in U235 i
abs, in H

C=

Then the density of W®35 in grams/cc is simply

228230 ¢ —0¢
% XS a -

. ' (1)
using SH T3 x 107 24 onf and <y o 1000 x 10""")'4 cm‘z,

(1) Bohr and Wheeler, Phys. Rev,, Sept. 1939

This document contains information aﬁecﬁug the national defense
of the United States "xithin the f the Act, 50
U. S. C., §] ang 32 Jis transpissig o%.’-he .ex.exau.m. of.its con- 415 2 31

te Y sSINNES nauthnri:e persoms s proksbited by law,
—GONHBENHW--‘-—*— gL -
® eee © 09¢ & o oo 90 o O e eod o8 S



Now XK= ~C__
14+ C

So, R =z —mdl L
O

1+0

And the cfitical_mass M, 4s given by

. Jogym. 2 - é’ﬁ':l‘LBG
'B‘nRC )f)u~.01x3 V-C-n -1\3/2
’ 1+ ¢

’

From the above, we see thet X has a maximum value of K =V for large con-
centrationa of U239 . This implies a minimum eritical radius given by

IrL ___ _ ~2,5L7>13 cm, The critical mass becomes very large if we try

ey

3\ F

te‘,gsta%llsh the chain reaction in too small a volume, -Furthermore, there is
a minimum concentration of 0235 vrhlch can be used, This is d,etex_-miz;ed by
3-: 1 6;' G = 'Tf.'lf"' -5 or )‘-‘u e 005 gm/ /ce, The critical mass an&
radius becomes indefinitely large as the concentration is reduced toward this
minimum, |

From the 'expressitm for the critical mass M,, it can be shown that Mc
. has 2 mimimum for a value of C which depends on V. For v 2 the optimum
concentration A_ -

233 or Py oy .03 and X 7 1,5

Thus the minimum M, = 5 Kg and for this concentration R, 22 om,

One can proseed in an identical manner to calculate the critical
mess for a reacter with heavy water :replacing they water or évenv for a solid'
mbde;'ator such as grarhite or BeQ in‘which the U 235 is finely dispersed.
These substanées differ i‘r.om the above .in that they all have L much greater
than for water but also the parasitic capture is much less so that the
cheracteristic-concentration measured in gm/ce is much less, The combination of
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these two effects leads to regults of the same order as that above for the

critical mass aithough the reactor is then several times as large.

I would iike to cénclude with some comments on the cutput of the
machine. The heat.extract;sn is by means of a coiled tube carrying cold
water through the inside of the reactor. The solutiop itself circulates
sinply by convection. A siﬁple heat transfer caleulation shows that a
noderate 51zed c01l of about 20 feet of 1 cm tublng suffices toc remove
about 10 kw. Fron this power one finds ¢mmed1atety that the flux (nv)
of thermal ncutrons in the reactor is about 1011. In other words there
are about 10+ fiss/sec in the reactor corresponding to about 3000 curies

of fissions. Thus one could easily make 100 curies activity by irradiat-

ing a neutron absorber. In the "thermal column" where almost pure thermal

; 3 . ol
neutrons are piped out one can obtain a flux of order i0 n/cm2 sec.
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APPENDIX 2. ARE NUCLEAR-RECCIL ROCKET-#0TORS POSSIBLE?

(An_idle play with numbers)

By G. Gamow

Since nuclear energy contenf per gram of material exceeds the chemical
energy by a factor of many millions, it looks very pitiful that the best
one can think at present is'to increase the efficiency of chemical rockets
by a mere factor of 2.5, using a slow nuclear reaction for heating hydrogen
whiéh is to serve as a working fluid. The diffiéulty in méking a full use
of nuélear energy in rocket propulsion lies, of course, in the fact that
in order to turn an appreciable amount of the liberated latent energy into
the mechanical enérgy of the mass-flow on= must necessarily turn a compara-
ble amount of energy into the heat, thus raising the.temperature of the
expelied masses. In the case of chemical energy this temperature increase
amounts to several thousand degrees, and lies just near the limits permitted
by the mélting points of different materials which can be used for construc-
tion of the rocket-body. In the case of nuclear energy the temperatures
obtained lie high above the evaporation point of any concei&able wall mater-
jal, so that, pending the jnvention of a Maxwell's Demon who would prevent
. the liberated energy from going over into fhe thermal motion,; or of a super-
insulating layer which would transfer.to the body of the rocket the pressure
of super-hot gases without transferring any heat, a more reasonable utili-
zation of nuclear energy for the purposes of rocket propulsion seems to be

rather impossible. The situation being what it is, it is interesting to.
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see what is the best performance of nuclear recoil motors making the direct

use of the impulse of the reaction-particles, We will study here two such
] a

naive-models corresponding to a controlled and a spontaneous reaction.

. A. Nuclear Recoil from a Fast Reactor.
Consider a cube of fissiongble material of a critical size (about
10 x 10 x 10 cm) in which a fast neutron reaction is going on in a con-

trolled way. (Fig. 1 ).

10O CYN.

Figure 1.

~

This cube is surrounded by thin walls of carbon to prevent its breaking up
when the temperature rises above the melting point of the metal., About
one-half of the fast neutrons originating in fission escape through the
outer surface of the fissionable material, and through the carbon walls
into the surrounding space. If one of the carbon walls is made consider-
ably thicker, say 10 cm, neutrons will communicate to our system a certain
thrust in this direction. Since the walls should be kept at a temperature

below the melting point of carbon, say at 3000°K, the cooling by radiation

3. e £ e ey 1 ded,
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will be:

103 em3 x 1075 x (3 x 103)4 ' 1012 255

Sincé each fission process liberates about 3 x 10~4 erg (200 MEV) the reac-
tion must be run at 1082 23 x 1017 fissions per second, and the

3.1074
total number of escaping neutrops directed toward the carbon block will

be about 1 b'd 5 x 3 x 10-15 = 2.5 % 1014 per second, Since the velocity of

6
fast fission neutrons (1 MEV) is about 102 SB_, the total thrust will be:
sec

1/2 x 1.7 x 10724 x 107 x 2.5 x 10% = 2.1 x 107,
where the factor 1/2 takes account of the angular distribution of the
neutrons. On the other hgnd the mass of the reactor is: |
20 x 10% = 2 x 104 gm.
Thus the acceleration of the system due to neutron recoil is:

21 x101 2107 _m .
2 x 104 sec

This 1is lgg‘times smaller than the acceleration of gravity! Thus in order
to be able to use such a motor for a rocket which would raisé itself frpm
the ground we must run the reaction 108 times faster which would raise the
surface temperature of the reactor by a factor of 100. But there are no
materials which would not melt at 300,000°K !
It may be noticed here,'however,'that if such a motor is shot out

from thé earth's gravity; it would start moving faster and faster coveripg
the distance of 3oc t° = % x 1075 (3 x 1012 = 4.5 x 109 cm = 45,000 km

in the first year. But who cares!?

B. Radioactive Sail

.;J Another possibility of building a rocket motor based on nu_clear'recoil

consists in utilizing a thin layer of artificiglly produced, radioactive
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maté}ial deposited on a thin metal sheet which can stop alpha-particles
ejécted in one direection (Figuré 2). Since the range of ordinary alpha-
particles in air is about-A cm, their range in the radioactive. material
itsedf (¥ 20) will be about 4 em/(10% x 20) F°2,107% om, If the tempera-
ture is to be held below 3000°K; the rate of energy production in the radio-
active layer cannot be greater than .

2 x 1072 x (3000)4 T 2.1011 ¥
Seb. cm

__R=d Mﬂgv‘:a!

\<%%
72
\gﬁ
R |

o\

438

\\\i
Ji’—f'.
oL
/5.

PR ~) Figure 2,
gl

Assuming 7 x 10'6 erg (ca: 4 MEV) for the energy of an alpha particle we .

can write the condition:

d o
___r 741070 | A=z 2,101
A¢1,7 x 10724
where d is the thickness of the layer {about 2.1074 em), A the atomic weight
(about 200), /2 the density (about 20), and ,)\the decay constant. We find:
A= 2,101 x 200 x 1.7 x 1072

z 2.1073 sec™l,
7.10°6 2:1074 . 20

This suggests the use of an alpha-decaying substance with the mean

life of 1/(2 x 10’3) 500 sec. Suppose we can produce such material in

a pile by subjecting a stable or semistable element to an intense neutron
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b.

. beam. Let us calculate now the thrust of a nuclear sail formed by a layer
of tungsten 2 x 1074 cm thick,vwith an equal thickness of radiocactive

material. The thrust per cm? of the sail-surfa¢e will be:
2.1011 o
i 9 . 24 -
x1/3 x ~ x 107 x 6.6 x 107<% = 200 dynes.
© 1076

0:. the other hand. the mass of the sail por unit surface is:
20 x 4 x 1074 = 0,008 gram ’
so that thé total act;eleration becomes:
200/0.008 = 20,000 cm/sec?.
Since it is 20 times larger than g we can eas;e up the conoiition_s by taking,
for example; a t_eﬁ«-times larger thickness of tungsten-sheet (0.00R cm) and
using an alpha-decaying element with a period of 1000 sec.

Fantastic as it looks, such an arrangement appears possible, at lesst

in principle.

415 238
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APPENDIX 3,

REPORT OF KACHIK, HUMMEL AND HENRY ON HIGH TEMPERATURE MATERTALS

" THE PENNSYLVANIA STATE COLLEGE
School of Mineral Industries
State Collegle, Pennsylvania

Memorandum Report No.:_____§ { _Date: __ June 10, 1946

Government Contract No.: 'Wé39038 ac 13506

Subject: _Progress Report on tﬁe_Metallurgical Aspects of Metal

_and MétaleeramiQ Bo@ieg'fof Use at High Temperatures

in Jet- épd Rocket-Engine Service

Ls Pufpose

A, To yrresent the data on the physical and chemical properties
of* high-melting, metal-base carbides, nitrides; and borides as ob-
tained from a literature survey. ]

B. To outline a program of study by which the aprlicability of
the above compounds for jet- and rocket-engine service will be

determined.-

IT, Factuél Data
A, Literature

As a group, five metal carbides, viz., HfC, TaC, ZrC, CbC,
and TiC, comprise the highest melting compounds known. Their melt-
ing points all lie above 3000°C (5430°F); that of HfC, the highest,
is about 3900°C (7050°F). The carbides of tungsten, vanadium,
molybdenum, and boron, the nitrides of tantalum, zirconium, titanium,
and scandium,'and’the borides of hafnium, zipconium, and tungsten
form a’group'having melting points between 2500 and 3000°C (4530
and 5430°F).
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In general, all of the above compounds resist decomposition
at high temperatures. Their resistance to corrosion by various
gases at high temperatures has been observed qualitatively to
differ aeccording to the position of the basis metal in the Periodic
Table., In particular, the carbides of elements in Group IV (2r, Ti,
‘and Hf) and in Group V fTa, Cb, and V) are reported to combine the
best resistance to Op, Hy, Np, and H,0 (vapor) at high temperatures.

Additional data on physical properties, crystal structure,
and‘chem;cal properties are given in Aprendix A, and Tables II and

III.

III. Conclusions

A. Although they have been largely overloo%ed as materials
for high temperature sepvice, the metal carbides, nitride§,‘and
borides have extremely high melting points, and consequently, show
much promlse as materials for jet- and rocket-engine service,

B, The carbides of hafnium, tantalium, 21rcon1um, columbium and
titanium are the only known compounds, in either the ccramic or
metallurgical fields, with melting points significantly above the
calculated rocket-motor flamevtemperatgre of 2930°C (5300°F) .

C; Quantitative data on thermal expansion and conductivity,
strength at high temperatures, and corrosion resistance ﬁill have
to be obtained beforo further selection of likely compounds can

‘be made inasmych as information on properties other than melting
point, where available in the literature, is given mainly on a

qualitative basis.
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IV, Recommendation
A. Tt is recommended that the metal-base carbides, nitridesy
and borides be 1nvest1gaued thorouvhly for appllcatlon in jet and
rocket-engine service following tbe program outlined in Aprendix B;

Respectfully submitted,

(Signed) E. A. Kachik |
E. A, Kachik, Research Assistant

(blgned) F. A. Hummel
F. A. Hummel, Research Assistant

(signed) E, C, Henry

E. C. Henry,
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Appendik A

~II, Factual Data
4. Literature Survey

i
1, Melting Points and Stability

. Table II lists the meltiég points of the high-melting,
metal-base compounds, viz, the metal_@cmpounds of carbon, nitrogen
and boron.’ Tﬁe numbers in the third églumn of this table refer
to the references in the appended bibliography.

Of these, the carbides or :carbide mixtures as a class
make up the highest melting materials known. HfC, TaC, ZrC, CbC, TiC,
80% TaC +20% HfC, and 80% TaC + 20% ZrC, ail have melting points above
3000°C (5430°F)., Only TaN and HfB, of the other types listed, have
melting points above this temperature. Only three elements-~-carbon,
vrhenium and tungsten--havé melting points of 3000°C or above (22). Of
these, only carbon (M.P. 3500°C) and tungstap (M.P. 3370°C) have melt-
ing points that exceed 3000°C appreciabiy. The latest listing of the
melting points of ceramic materials (12) indicates that 3000°C is about
the limit for this cla;s of materials.

| For rocket tube service, therefore, the carbides, and

particularly the first sevenicompounds and combinations in Table I,
appear to offer the most promise. However, for jet engine service,
from a melting point basis alone, all of thé compounds listed offer
possibility for successful applicétion.

The compounds in Table II have not been thoroughly inyesti-
gated with respect to stability at high temperatures, which property,
with melting point, forms the first critérion for their successful appli-~

cation, Pertinent comments, with references, are given in the last
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Friederich and Sittig (17) reported that titanium,
zirconium, and vanadium carbides undergo little or no decomposition
on heafing below the melting roint, but that columbium carbide is -
decomposéd and tantalum carbide rartially so by heating below the
meiting'pointg However, Becker (9), in his book, "Hochschmelzenae
Hartstoffe, states that the carbides, with the exception of WC,
MoC, and MooC, melt without decomposing in a vacuum or inert
atmosphere. Several writers (17,19,28,29) agree that WC is uni=
stable above 2000°C (3630°F). Friederich and Sittig (17) disagree
with Ruff and Wunch (28), Sykes (29), and the data compiled by
Gregg (19), in asserting that WoC decomposeé below the ﬁelting
point. The results of the latter investigafors have been more
'generally accepted. It appears agreed (17)(18) that both MoC
‘and MooC decomrose below thg melting point. Boron carbide was
found to have little vapor pressure at the melting point by
Ridgeway (16), from which it séems réqsonable to assume that the
carbide is stable. . | .

The nitrides of zirconium, columbium, titsnium, and
scandium were reported stable up to their melting points by
Friederich and Sittig (16). 1In réporting on the work of Agte (2),
Becker (9) conhfirms this statement for TiN and ZrN, and adds TalN
to the list of stable nitrides. Vanadium nitride on heating
evidently partially decomposesi(lé), although the degree of decom-
position or temperature a£ which decomposition occurs was not
specified. The nitrides of boron, silicon, aluminum, and beryllium
‘ sublime at h_igﬁ temperatures and could be melted only under
pressure (16).
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Agte and Moers (4) found that the three borides listed

. did not decompose before melting,

0f the high-melting compounds listed in_Table IT all
but HoC, MopC, WC, Bn, Si3Ng4, AlN,;BeN and'prgbably VN appeér stable
enough to justify further consideration, |

2. Thermal Expansion and Conductivity

The coefficient of thermal expansion for TaC was
determined by Becker (8) and féund to be 8.2 x 10~6 between room
temperature and 2380°C (4355°F), He also determined th}s property
for WC and WoC., He found that the coefficient of thermal expansion
for WoC was 11.4 x 10‘6, and 1.2 x 10'6 in the (001) épd (100)
directions, respectively, and for WC was 7.3 x 10-6 and 5.2 x 1079
for the same directions, respectively. No similar data.for the
other compounds listed has been publishsad.

Data on thermal condﬁctivitj were not found, and
evidently determinations of ?his property have not been made.

3. Strength

Only two measurements of tensile strength were re-
ported. Becker (9) obtained 2-3 kg/mm? as the tensile strength
at room temperature for dense, polycrystalline, 1,2 ma dia,, TaC
wifes, which had been rrepared by carburiziﬁg the metal with a
gaseous hydrocarbon,

Agte (1) reported that the tensile strength of WC
was less than 35 kg/mm2, '

4. Hesistapee to Corrosion by Hot Gases

Becker, (9) in .summarizing the general observations

of Friederich and Sittig (16)(17), Agte and Moers (4), and of
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. Holbling and himself (10), correlated tae resistance of the hifg
melting carbides to corrosion by hot gasses with the position
of the basis metal in the Periodic Tablz., He stated that Group IV
carbides, (Zr, Ti, and Hf) are stable against éxidation by air at
high temperatures, that the stability against attack is less for
the carbides of Group V eléements (Ta, Cb, and V); and that the
carbides of Group VI elements (W and Mo) are readily oxidized,
In the way of quantitative daté he statés only that MoC is markedly
oxidized at 500°C, WC at 700°C and TaC. at 800°C, but thaf Group IV
carbides show no oxidation at these temperatures, Higher tempera-
tures than this were not mentioned. Friederich and Sittig (17)
reported that TaC powder-burns readily in air, but that TiC powder
was‘difficult to oxidize at "incandescence", These authors found
that a CbC compact decarburized slightly on heating in air,

| Against nitrogen at high temperatures Becker (9)
classified the carbides of fhe Group IV elements (Zr, Ti and Hf)
as least resistant, and reportéd that these carbides are decar-
burized appreciably by nitrogen at temperapures above 1550°C.
Group V carbides (Ta, Cb, V), on the other hand, are similarly
attacked by nitrpgen only near their melting points. 8Since the
Group VI metals (W and Mo) fofm no stable nitrides, they are
compietely resistant to the aciion of nitrogen,

Water vapor and hydrogen; according to the same

author, have much the same éffect as oxygen. The .carbides of.Gréup o
1V elements are most resistant tO'attack by water wvapor, while those
. of Group VI elements are least, Group IV carbides show the best
resistance to.hydrogen apd Group VI carbides the poorest. This gas

decomposes the carbides at temperatures ahove 1500°C,
This document contains information affecting the national defense
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Becker (9) states that the carbides are very reactive
with chlorinating agents at higher temperatures forming the respec-
tive chloride. When oxygen orisulfur is also present, the corres-
ponding oxide or sulfochloride is formed, The two carbidgs of
tungsten show markedly different reactivity toward chlorine: ng
is rapidly attacked by the gas at 300-400°C, buf WC is almost immune
to attack in this temperature range (9). .

Against generai checmical attack, the carbtides show
very good resistance, and are dissolved only by the strongest
oxidizing acids and fused alkalies (17),

The corrosion resistance of the nitrides and borides
has not been as extensively studied. Scandium nitride oxidizes
readily at red heat (16) and"colﬁmbium nitride oxidizes slightly
to columbic acid on heating in air (16). Begkef (9) states that
the nitrides are somewhat morce stable than the carbides against
éttack by oxygen. The borides, he remarks, are very sensitive to
foreign gases,

From this information it aprears possible to furthe;
limit the investigation of materials for high-temperature service
to c ompounds of Group IV or V clements, since these compoundg
evidently heve the most resistance to cxidizing gases, hydrogen,
and water vapor, Since the compounds cf Group V elements also have
good resistance to nitrogen this groﬁp appears to provide a good
starting point for experimental work,

9. Crystal Structure of the Compounds

‘ , Table IIT summsrizes the available X-ray crystallo-
graphic data (22) and densities (25)(9] for the compounds in Table I
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The cubic NaCl structure ?redominates although there are several
hexagonal compounds. The boriées have not yet been fully in-
vestigated, |

6. Metallography

The interreaction’pf the various components of the
systems making up the carbides and nitrides has been briefly con=-
sidered by several investigators (2,3,4,9,11,16,29). The results
have been collected by Becker (9). A trief resume of features
having ;ossible significance for the present investigation follows.

| The compounds CbC and TaC show no marked solubility
for either carbon or the metals however, TiC, ZrC, and HfC dissolve
considerable amounts of carbon at high temperatures, with corres-
ponding decreases in the melting points of the compounds. This
carbon is jprecipitated on cooling. WpC dissolves appreciable
quantities of both carbon and tungsten at high témperatures. wWwe
apparently dissolves little, if any, of either at any temperature,
Small amounts of both Mo and C were found soluble in MooC.

The metal-nitrogen systeme are "analogous to the
carbide systems®™ (9), The metal-boron systems have been studied
only enough to indicate that they are very complex,

Iﬁter~carbide and nitride reactions have also been
studied, chiefly with respect to the liquidus temperatures.

Becker (9) gives the followiné information:
1. TaC and WoC form a eutectic at about 10% TaC. On
either side of the eutectic point the liquidus curve
extends in straight-line fashion to ﬁhe melting point

of each component.
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CbC and W,C form a eutectic in the range 10425% ChCl
ZrC and WoC are immiscible in =211 proportions, As
long as any WoC is present the mixture becomes mushy
at’ the melting point of WoC. .

For the CbC-TaC system, the liquidus temperature shows

a gradual increase from the melting point of CbC to

that of TaC. |

CbC and ch have practically the same melting point
and the liquidus line is nearly horizontal. '
The systems TaC-ZrC and TaC-HfC each show a melting
point maximum at the 80% TaC composition (See Table II).
The maximum is significantly above the melting point
of either compqnent for both systems,

The TiN-TiC system hes é melting point maximum at the
50-50 composition. This maximum exceeds the melting
point of_TiC, the higher melting componcﬁt, by only
45°C,

The addition of TaC to TaN apparently results in a
gradual increase in melting point for the resulting
mixtures, although only the 950-50 composition was
investigated.

Considérable study has been given alloys of the
cemented carbidé type whicn usually consist of hard

carbides (usually tungsten or tantalum) imbedded or

cemented in a soft matrix or binder (iron, nickel or

cobalt). The binder, by alloying with the carbides,
secures the compact against disintegration. These
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materials have melting points or ranges that are :
determined by the binder and moreover that are

usually relatively low. They are probably of little

use for the necessary exposure conditions.
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Appendix B

IV. Recommendztions
A. Program of Research on Metal Comﬁounds .

As noted under "4" of the Literature Survey, Appendix A,
compounds of Group IV and V elements appear to offer the most
promise, and should, therefore, be considered first. The carbideg,
as a class, melt at far higher tempersfures than other known
materials and, logiceally, seem worthy of more eriphasis than the .
other compounds, especiaily for service where temperatures up to
3000°Q must Ee withstood., However, for jet-engine service, where
an increazse to 1500°C in combustion tﬁbe operéting temperature would
constitute a marked improvement, all of the stable compounds in
Table II should be investigated.

TiC, ZrC, VC, TaC, CbC, WC, TiN, and ZrN are supplied
by several firms at prices ranging from $0.75/1b. for TiC to
$62.75/1b. for high purity CﬁC. From a practical viewpoint the
least expensive compounds, either to buy or to make, should be
tested first. It should be borne in mind, however, that fabri-
cation costs of the finished part may e high enough that material
cbst will be a minor factor. For this rezson material cost should -
not be allowed to become the deciding factor, at least until more
information is developed.

‘ The. following general program.is proposed:

1. The purchase of those conmpounds avéilable commercially
and the rreparation of those not availzble, for testing purposes,
It will be necessary to design and construct suitable apparatus for

preparing these compounds,.
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2, Determination.of the thermal conductivity znd ex-

pansion charaéteristics, strength, and resistance to corrosion by
hot gases of the ecollected compounds. Compacﬁing, sintering, and
testing equipment will be needed.,

3. If necessary, the determination of other character-
istics, such as crystal structure, density, and interreaction with
similer or dissimilar compounds and substances.

v 4, If severel raterials or compounds are nearly
equally promising from the tests in (2) on the previous page, ease
of fabrication, cost, and strength/weight ratio will cdetermine the
'selection of matérial for final trials.

5, Fabrication of appropriate shapes from suitable
compounds or combinations, for sirulated service tests and finally

actual operatiqn as jet- and rocket-engine parts.
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Me?lting Point and Stability ef High-Melting Metal-Base Compounds

Compound

80% TaC+20% HfC
80% TaC»20% ZrC

HfC
TaC
ZrC
CbC
g TiC
WC

S ‘N

D

S3
Q

ose
o

°
oo

MoC
MooC

e3n’e’ Rudeln Kue up sjus

£l

NawW
L

TiN
EcN
CbN

91 Y} JO UOISSTWISUBI SIT “ZE Pue [f

1
$1 Supstod pizfitnn

i
23

rpiriont

SisglN

Rqe
0S “30V e3wuordsy Y; JO SUjUESW Y} UIYIIM Sajels PIju) 3U) JO

BURFOP [WUOEU Y} SUPIIPE UCTIEULIOFU} SUFEIUOD JUIWTIOP

*mey K

-aod

%’b—
ziJ

HfB
ZrB
B

4.

o

3940 £150
3930 ¢ 150
3880 ¢ 150
3870 + 150
3530 125
3500 +125
3140 £90

2870 £ 50

20503 50
2830
2690+ 50
2685 + 50.
2350-2500
2800~3090
2930

2980 % 50

‘2930

2650
2050
2050

~ 3000%

1900%
R200%%
R200%*
3060

2990 %50
2925 4 50

% Under Pressure

%82 ¢71%

-

Table II

oF

7120 £270
7100 = 270
7020 t. 270
7000 + 270
6390 t 225
6330 =225
5680 1 160
5120 = 90

5170 1: 90
5125

4875 .90
4865 £ 90
4260-4,530
5070-5450
5300

5400 4 90
5300

4800

3810

3810

5430

3200

4000

4000

5540

5450 99
5300 =90

*% Under 4 atm, Pressure
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Remarks on Stability

Melts without decomposition (9)
n n n (9)
fl ] . n. (9)
Contradictory-see text
Melts without decomposition (9)(17)
Contradictory-see text
Melts without decomposition (9)(17)
Decomposes at 2600°C (4710°F) (9)(17)
(19) (28)(29)
Contradictory-see text
Melts without decomposition (17)
Decomposes below M.P. (9)(17)(18)
" 1) "
Melts without decomposition (27)
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1] " " (16)
Partially decomposed before melting (16)
Sublimes below M.P. (16)
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Crystall

Table. I1

aphie Structures (22) and Densities (9)(25
X=ray Data
Compound . a c mqizgggghgg;;

HEC Not listed (cubic NaCl?)

TaC Cublc NaCl 4.53 4
2xG " i LT3 A
CbC 1 " L, L0 4
" TiC c B. M 4.31 I3
e Hexagonal c.p. 12,901 2,830 i
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VG Cubic NaCl 4,30 . A
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APPENDIX 4. KYDROGEN-MODERATED ATOMIC ROCKET

G, Gamow, F, T, McClure and R, B, Kershner

Since the atomic rockets must necessarily use hydrogen as the work-

ing fluid, and since liquid hydrogen renresents the best poessible moderw

ator for enriched piles, it is reasonable to consider the possibility of
an atomic rocket'motor in which_hydrogeﬁ serves both purposes, In this.
case liquid hydrogen coming from the tank must. first stream threugh the
pile=-structure with its original low £emperature and,high‘density (mod -
:Q}ating_stage) being 1ater.heated up gnd accelerafed to & high velocity
on the way to the nozzle (accelerating staée). This end can perhaps be
achieved by having a series of chanﬁel~systems through the body of the
enriched pianium. First, hydrogen entering from the tank is sent through
rather broacd channels' thus receiving gomparatively little heat from the
hot walls and remaining in the liquid state trrough the main part of its
travel, After having accomplished its moderating function, hydrogen
enters the system of nérrow chﬁnnels where it is fapidly heated and aes
celerated towards the nozzle, The problem of developing a rocket motor
of such type splits essentially into two parts:
1) Critical size of hydrogen~moderated pile and"
2) The prpblem of heat~transfer, and the arrangemen¥ of
channels necessary to keep hyd:oéen from being heated
in the first (moderating).stage, and to heat it up fast

- enough in the second (accelerating) stége.
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A, The muclear .Problem

In order to design the smallest possible hydrogen-moderated pile,
we can start with the so-called "atomic water boiler" aszdiscussed by
Dr, Christy in his Chicago paper. Considering a homogeneous solutioﬁ
of enriched uranium salt in water, Ghristy arrives at the following
boiler—éharacte?istics corresponding to‘the minimum amount of U235:
Radius 22 cm. (for a sphsre)
Mass of U235 = 1.5 kg
We subject Christy's model to the following transformations which do
not affect its efficiency.
1) Instead of a sphere we take a cylinder of about the same
volume, the length of the éylinder being equal to its diameter.
2) Replace water by liquid hydrogen., This will not affect greatly
the efficiency of moderator since oxygen atoms in the water
molecules are unimportaﬁt either in slowing down or in capture
of neutrons, and because the atomic density of hydrogen: in the
liqﬁid sfate is of the éame order of magnitude as étomic density
of hydrogen in water (,078/cm® vs .1lg/emd)
3) 1Instead of having homogeneous distribution of uranium, introduce
it in the form of thin cyliﬁdeps surrounded by liguid hydrogen.
If anything, such transition from a homogeneous to the lattice-pile
will improve its efficiency, The new pile will thus be described

by the following rough figures:

A = =
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diametere~ 44 x 1.4 = 52 cm
Dimensions:
length ~= 52 cm
Volunme 1.1 x 105 cm3
Weight of U235/~ 4 x 10° gm

Total weight of U (2% concentr. of 235) 200 x 103 gm

Total volume of U (density = 18,7) ~10 x 10 cn’
Fraction of total volume —~
occupied by U - metal: 11

Volume of liquid hydrogen = 1 x 10° o’

Weight of liquid hydregen (denéity = 0,07) 5 7x 103 gm

B, The Reactor Design Problem

The advantage of the hydrogen-moderated reactor over the carbon mod-
erated reactor may come about in two weys. First, the critical dimensions
may be smaller so that the overall resctor size may be more msnageable.
Second, the use of such a low density moderatdr might materially’decreasé
the weight of the reactor because of the almost negligible weight of moder=-
ator. .Howéver, witﬁ respeét to the.lattér point it must be remembered that

in order to use a liquid hydrogen-moderator, ths main body of the hydrogen

in the reactor must be protectea from the heaters. This implies a multiple

honeycomb type §f structure in which a series of counter-current heat ex-
changers satisfy both the heating and cooling raquirements simultaneously.
This, in turn, implies a considerable amount of "structqré" in such a
reactor and it appears that the crucial problem is whether this structure
weight can be reduced to a vélue'as low or lower than the moderator weight
in the other case. Rough analysis shows that tais desired requirement is
not easily met. Very careful analysis will be required to evaluate the pos-

sibilities of the hydrogen-moderated reactor for rocket motors.
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