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to the fact that not only must the heat of fusion be dissipated at the 
interface but solute molecules must diffuse to the interface to 
crystallize. As a result growth rates from solution may be a factor of 
100 slower than melt growth. Another major difficulty is the control of 
nucleation in solution growth. In melt growth the volume in which 
nucleation occurs is small (only at the interface). However, the 
dilution of the desired compound in the solution results in a large 
volume of potential sites for nucleation which can result in more than 
a single nucleation site for the crystal. As a result not all the 
crystallization occurs at a given point. In spite of these difficulties, 
however, large and high quality crystals of many materials have been 
grown from solution. 

I would like to confine my remarks on solution growth to the Ga.As 
system. Gallium arsenide is the only compound in the GaAs binary 
sy~tem. On either side of the maximum melting GaAs composition, a 
solid-liquidus area exists consisting of Ga-GaAs on one side and 
As-GaAs on the other. As in any system of this type one can then use 
one of the constituents of the compound itself as a solution. In this 
case the choi.ce is obvious and Ga is a much more preferred solvent 
than arsenic. As a result of using gallium as a solvent one of the 
disadvantages of solution growth is somewhat mitigated--that of solvent 
impurity being present in the grown crystal. 

The most frequently used method of solution growth takes advantage 
of the temperature dependence of the solubility. In most cases the 
slope of the temperature solubility area is P9sitive--the higher 
solubility is at higher temperatures. In the usual growth procedure I 

one would saturate the gallium with gallium arsenide solute at a given 
temperature, perhaps 900 o e, and slowly program the temperature down
ward. In a small interval of temperature the solution becomes super
saturated and nucleation will begin. With the presence of a seed 
crystal available nucleation will occur preferentially on the crystal, 
although the gallium arsenide will self-nucleate in other areas of 
the supersaturated region. 

A modification of this solution growth technique was first described 
by Pfann(l) 'which utilizes the effect of a thermal gradient within 
the solvent. In this technique a solvent is placed between a seed 
at one temperature and a po1ycrystalline charge at a higher tempera
ture. The polycrystal will dissolve at the higher 'temperature to give 
a highe.r concentration ·01 solute than at the seed. Because of the 
resulting concentration gradient there is diffusion of the solute 
from hot to ~old until supersaturation occurs at the single crystal 
seed interface at which point exsolution occurs and the single crystal 

1. Pfann, W.G., J. Metals I, 961 (1955). 
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The constants AH a nd EM havE been determine d for a large number of 
metals a nd can be obtaYned from the literatu r e . Howeve r, this has be en 
d one unde r expe rimental conditions which ass ume ei t her a fixed vacancy 
sink a nd/or a variable vacanc y sir.k condition. The r efore, befor e a 
choice o f constants can be made, the type of me chan isms involved in the 
system must be determined. This can be done via the annealing and heat 
tre a ting studie s by a dete r mination of the proces s k inetic s . That is, 
the fixed vacanc y s ink condition r flects itself as a 1st orde r r e ac tion 
a nd the variable acancy sink condition a s a second or higher order 
reaction. 

X. SUMMARY 

It ha s been the intent of th i s pape r to point out those a r e a s of r esearch 
that are important i n the overall study of liqu id pha se s intering in 
space . From a c onside ra t ion of the various r esearch areas , seve ra l com 
c e p ts relevant t o materials experiments in space eme r ge . The first of 
these concepts is tha t materials processes that involve a liquid pha se 
are most likely to be inf luence d by the detai l s of g r av ita t ional fi e lds . 
Thi s is perhaps self-evide nt . Pe rhap s more imp ortant is a realization 
tha t most of the possible metal lurgica l processes proposed for space 
expe rimen t s will be inf luenced by the details o f the gaseou s env ironment. 
For ins t ance, the high pe rcentage of ° and 02 in the r es idual gases of 
the s pace v acuum will have s i gn ificant effect s on the r esults. 

The close o r direct connect ion between materia l s proces ses employin g a 
liqu id phase and the res i dua l gases of t he space vacuum occu rs through 
a considera tion of surface free e nergies . The behavior of a liquid 
pha s e in t he absence of a g ravitational field will be c ontrol led by 
the s u rface e nergy te rms. That is, surface ene r g y terms will p re domi
nate and be responsib l e for driving any reactions or establishing the 
equilibrium states . However, surface energies are significantly affected 
by the gaseou s e nviro nment thr ough the process of adsorp tion and con
sequently the e ffect of the ga seous environme nt on such e ne rg y t e rms 
must be determined . 

For the proposed expe riments on sintering , it was po inted ou t that a 
two - step proce ss is i nvo l ved. In the ini tial stage , where onl y solid 
and gaseous phases are involved, a signif icant amount of material trans
port is expe c te d to occur. In theoreticall y conside ring the mechan ism 
involved , the conclus ion is reache d that the vacancy conc e ntration 
is a fu nc tion of the surface e nergy terms. Also, the phenomenon of 
thermal facetin g is expec ted and is shown to be a f unction o f surfa ce 
energie s. Specific r e lations be tween the se mechanisms must be deter
mine d for the space envi r onment. In the final stage of the sintering 
experiment, the liquid phase makes its appe arance and the phenomenon of 
wetting is of crucial imp ortance. Again, wett i ng is a function of 
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Slurry Reacto r (Fluid - Solid Con eying). A diag r am of the p ro
posed slurry type reactor is presented in Figure 3. At start up, liquid 
iso-octane is fed to the stirred reacto r ith the stirrer on. Gaseous 
ethylene is then fed to the reactor whose design minimizes bubble fo r
mation at the stirrer. The slu rr y passe s throu gh a vapo ri zer whe re it 
is st r ipped of ethylene and through a fracti o nator w here i t is stripped of 
iso - oc t ane sol ' ent . All the aporization units are designed according to 
the methods su gg ested by Otto (20). Their reliability is somewhat of an 
unknown, particula r ly those units in the p resence of solids. In F igu re 3, 
one such de ice is depicted as one sphe r ical ve ssel with an eccentric 
smalle r sphere. The bubbles, it is claimed, travel in the di r ection of 

its g reatest sphericity . La r ge r particles than those ordinarily used fo r 
slurries may be char g ed since no g ravitat ional fo r ces need be o' ercom e. 

Th e slurry should pass t h r ough t he pipelines m ore r eadily t han 
under 19, since ::J. r educed saltation phenomeno n w ould exist at low g, 
res u lting in the need for lowe r ga s v elocities to keep particles 
s uspended . 

Fluidized Bed (Stirr ed and S erni - continuous ). M ost o f the p ro
cesses p revious ly desc r ibed may be unde rtaken as fixed, mo v ing, and 
fluidized beds or as a slurry p ro cess. Except for the fluidized bed 
process, th ey are all thr ee - phase p ro cesses involving s olid, liquid, 
a n d gas. Under zero g ravity it may be ad v antageo u s to concentrat e on 
gas-solid system s, rather than gas-solid- liquid s ystems, since i n tro
duction o f ga s in liquid under ze ro g rav ity envi!'onment inv olv es wholly 
n ew concepts of bubble formation, g row th and m otion, a n d liquid - g as 
separation . 

On e cannot, o f course, c r eate an ordinary flu idized bed in a 
ze ro- g ravity envi ronment, since in the a bs ence o f a gravitational force, 
e ven low v elocities of the g as w ould cause the particles to move along 
with t he gas . However, one may still achie ve s o lid ci r culation in the 
gas phase by rnechanical agitation. In the absenc e of g ravitational 
forces the power requi r em ents for keeping t he particles i n suspension 
w ould be l o w, i . e., the intensity of mechanical a gitation need not be 
as seve re. Hence, one cou ld visualize a r eacto r with the reactant gas 
being dispersed throu gh the ve ssel and h a ving the sti r rer as near the 

e x it as po ssible . Such a system would offer the basic advantage o f a 
fluidized bed, i. e. , imp roved heat tran sfer a nd low tempe rat~l r e 

g radi ents in the s ys tem wi t h reduced p owe r requirements. Anoth e r 
advantage is that re gene ration of the catalyst can be u n dertaken in situ 
as compared with the s lurry p ro cess whe re solid-liquid separation 
must be accomplished . 
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APPE DIX 1. R ATE E XPRESSIO S 

Ethyle n e. 

A cti ation ener gies: TiC1
4

/ Al(i-Bu) 3 ' 6E = 10.4 k cal l - m o l e 

Ti(OBu)4 /Al Et
3

, 6E = 13 k cal/ g - m ole 

Propyl e n e. From N atta ( 2), 

R p (gm s C 3 reacted/hr) = ko G TiC 13 ( ) () 
-6E/RT 

grams Pc H atm e 
3 6 

7 -1 
k _. 2 - 3 . 4 x 1 0 (h r - a tm ) 

o 

~E = 10k call g-mole 

APPEN DIX 2 . DETAILS O N PHILLIP'S CATALYST AND SOLVE N TS 

Sol ent: 

Inert liquid u n d e r re acti on conditions w hich does not deacti v a t e 
the cataly st shou l d b e u sed. Saturated aliphatic com p ound s a re 
m ore s u i table t h a n aromatic compo unds s ince they 0 n ot under g o 
alkylation r e action s . Cycloh e x a n e has a high boiling point a n d 
ad equate solve n t power for polyethylene. The solvent is used In 
s lu rry p roce s s or for remo al of p olymer from the catalyst. 

Catalyst Preparation: 

Comme rcially avai.lable sili c a- alu m ina is suita ble as a support . 
The p roductiv ity of the cataly s t d oe s n o t incr e ase w ith c h rom ium 
con tent r eater than t h ree-to -one. The c h rom ium is deposited on 
the sup port b y i mp re gnation w ith a qu eous s olutions of any chrom 
ium compound t hat can decom po se to c hromi um oxide w hen e x 
pos ed to dry air at 54 0 0 C. This acti a tion treatment is required 
to dehydrate the c at a l y s t to a s u ffi c ien tly l ow lev el and to o x idize 
at least t w o-third s o f th e chrorn ium t o th e h e x a v alen t state. T he 
silica-alumina sup port us ed m a y be in the form of g ranules 14/28 
mesh or 5/3 2-in ch pellets. The p referr ed support has a l a r g e 
pore s ize a n d a low surface a rea to fa c ilitate the dissolution of 
the coatin g o f p olrner that is s u bs e q u e ntly form ed. The activ e 
cataly st s u rface area/weight ratio is 4 00-600 m 2 /g and pore 
diam eter is 65-150 A 0 , w ith a sulfate content less than 0 

eight perc ent. 
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5 . Line- of - sight ob~ervat io nal access to al I of the earth ' s 
a osphere and sur ace . 

6 . Access to raw materials , particularly on the oon and 
as eroids , the ex raction 0 which wi I I not af ect the earth's natural 
environ ent . 

7 . Physical separat ion fro the earth ' s biosphere . 

For an in du strial process in spa ce to be worth developin , however , 
should satis y several conditions : 

Fi st , th total costs per unit ass of the pruduct ade in space , 
including al I ransportation costs to and from space , should be com
petitive with the cost of making he product by terrestrial eans . In 
the case of prod ucts that a re made f rom raw mater i a 1:5 or i ina I I Y found 
on he ear h , he value of the product must obviously be greater (in 
many cases , uch greater) than the cost pe r uni mass of placing 
material in space and returning it to the earth at the t i me when large 
scale production in space is ant i c ipated . 

Seco nd , the expected market for the product should be larqe enouqh to 
jus ify the to a l anticipated costs of deve lop ent and use of he space
ba sed production fac i I ity . 

Third , the "externa lities" associated with the space product iol'1 process 
shou ld compare favorably with those assoc iated with ter restri al produc
t ion of the same product . Suc h external ities include the danqer of 
major acc:dents , health hazards to the publ ic and operating personnel , 
po I I ut i on of the earth ' s env ironment , aesthet i ca I I Y unp I easant (or 
p leasant) side ef fects , and spoi lat ion (or conservati on) of scarce raw 
materials. 

ote that I have not insisted that the cost OT a product be less if 
made in space than if mac'e on ea rth , but on I y that the cost be "compet i 
tive . " Insistence on lowest cost ethods for production , such as have 
character i zed much of modern in dust ry , has often led , tr.rough pollution 
an other harmful si e effects , to ve ry high ex ernal costs to the 
genera I pub I i c . I am rap i d I Y becom in conv i nced that perhaps the ost 
i portant benefit to humanity to be found in large scal8 h~man activity 
in sp~ ce wi I I be through a gradual transfer of industrial processing 
and manufact~ring , wi th al I of their damaginq effects on the earth ' s 
natural biologica l environ ent , to space . If , as now see 5 'nost likely , 
there is little 0 r no biological activity on the moon or the asteroids , 
I would far rather have us do ou r massive scrapping , diqging and boring 
for raw materials there , and throw our waste heat and po isonou s 
chem ical s and ra d ioact ive wastes into d istant space or the sun , than to 
continue to oul his beautiful an d del icatel y balanced planet that we 
live on . 
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would be econo iCc l Iy a trac ive the pi ton i u o r U- 23 could be 
s ppl ie a a cost 0 about 10 , 000 per ki 10 ra o r less . This is r,t: 
pri ary 0 jec ive 0 the iso ope pro uct ion conc8pt I shal I brie Iy 
disc ss . 

P I on i o r U- 233 can be produced by neu ron ca pture in na ura luran i um 
o r horiu eu rons o r t is purpose ca be suppl ied i n a least 

hree ways : by issi on in a rea c o r, by caged parti c le bea s tha 
produce neut rons i a suitable tar e , an by her onuclear explos ive s . 
Fo r reasons j us g iven , I shal I exc l ude the f irst . 

uc lear explos i ves are , by a r} the chea pes sources 0 la r e nu bers 0 

neutrons at e have : a 10 e , aton the r onucl ea r e plosi on can be ade 
o release enough neutrons 0 produce o re than 5 , 000 ki loq rams 0 

p lu on i u . The roble is to do t is i n such a way t a t he product can 
be conta i ned and eco nomi cally processed without seriously (or even 
catast rop ica l Iy ! ) preturbin the environ e nt . The plutoniu can ei her 
be prod uced in t e expl osi ve devi ce i self o r by irra d iati on of a sui -
ab ly placed and . protected la ke t hat is not elted or vaporized by he 
e pl os ion . Both concep s have been s ud ied in so e de ai I or use under -

round o r on he earth ' s su face . We have recen t ly do ne so e prel iminary 
t inkinq abou the use 0 such ec niques i n space -- con ininq t e 
e plosi ons beneath e sur ace 0 the oon o r , conce ivab:y , a larqe 
as teroid , o r irrad iat inq blanke s by sequen ial expl osions i n space . 
Pa r I y because of the c u rrent ban on a I I nuc I ea r exp los ions in spcr::e , 
however , we have concentrated o re effort on a iqhly prel iminary stu y 
o f isotope producti on by the i pact 0 bea s o f high ene r gy charged 
p rti c les on a s itable arqet in space . I shall therefore res ri c t 
the remain er of this d iscussion to that co ncept . 

The concept consists of six pri ary co ponents : A solar enerqy conver-
3 ion source of electric power , a I inear acce lerator for producina a high 
energy bea of euteron s , a targe t wi thin whi c h the isotopes are pro 
duce , a faci I ity o r separat i ng the isotopes after they have been ade , 
a ac l I ity o r abrica ion 0 power reacto r f uel ele ents , and supportinq 

ac i I ities required or operation of the system i n space . 

The sp i r i t of tis high I Y pre Iii nary ana I ys i s has been to make a I I 
es i des on the opti isti c side , to dete r ine whether the concept can 
be de initely j udged to be econo ically in easible for the foreseeable 

u ure . As wi' I be seen , we have conclu ded tha the co ncept shows 
enou h pro ise to warrant more detai le d i nvestiqation , parti cu larly i 
one is O P i is ic abou prospects for s arp reductions in space trans -

o r at io cos s h i t e next severa l decades . 

In or e r 0 rev iew th is co ncep in he context 0 large s cale produc ion 
o e a io s i n s ace , e have chosen values 0 he pri ary para eters 

a wi II appea r e ry lar e 0 os people . a concep s ljch as this 
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T BLE VI 

SU ARY OF 
OVE LL S STE . P R ETERS A 0 ECO 0 ICS 

non - n clear aerials 
blanket 

ina 

Total ooera t ion s supoly ass placed ir. 
orbit @ 100 , 000 kg/yr 

Assu trans~ort 

aci Ii Y 

1. 7 x 10
6 

20 years 

6 2 x 10 kg 

200/kq 

placing faci I i Y and 
operations supply mass in crbit 3 . 7 x 108 

Total value 0 issionable a ter produced 
in 20 yr ooeration , @ IO, OOO /kg 2 x 10 

Total allowable cost 0 fabrication 0 

payload s , of round support operations , 
and anual space operations to achieve 
"break even" point (Total value of 
fiss ionab le ate rial produced and re 
cove-ed = total costs of 20 year 
opera ion) 9 

1. 3 x 10 

q 

The p rameters listed in the above tab Ie , thoug i nterna I I Y cons i stent , 
are irst order esti ates that are not based on a detai led analysis 0 a 
specific proposal for each component of the sys em . Since the en ire 
concep is in the very early sta es of conceptual design , I do not yet 
include a ny s yste atic description 0 the comoonents . I have chosen , 
rather , to I ist the 01 lowing qual itstive points about so e 0 the 
co ponents . 

I . Solar radiat ion pressure ect ina on the solar enerqy col lector 
i~ apparently suffi c ient to ain ta in the shape of the co l lector mounted 
on a grid of thin , high strength wires , and to assure that the col lector 
is direct d oward the sun when it is not in +he ear h ' s sha dow. A low 
po er , hi , h spec ific i pulse prooulsion system ay be required to pre 
vent the o rbit fro elongating . A stable con iguration can be achieved 
b . a parachute - I ike arrange en of the co I I ecto r sheet , wires an d 
appropriate asses . 

2 . A high e perature , closed cycle gas turbine appears 0 be 
an att rac i Ie ethod for converting the focused solar heat to ro ational 
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5 . One of he I i ely reasons why this eneral ype of iso oDe 
produc ion aci I ity ay cost less 0 cons ruct i n space an on he 
ear h ' s sur ace is e resul 0 he requi e ent or an i ense evacu e 
re ion to acco oda e eu ero be an he accelera or ' s accelerat-
ing elect rodes or bes . For t e alues 0 e bea para eters e 
have c osen , he ch rqe par icle bea i s likely 0 be several ens of 
e ers in dia eter , 0 a i ain a sable bea . T every orel i inary 

cho ice 0 a lengt of one ki 10 eter was ade to assure ha there would 
not be proble s of elec ron cascadin between elect rodes . The co rre
spondin volu e 0 t e evacua ed region is thus of the order of a i I I ion 
cubic meters whi ch , hou h not necessari!y co pie ely beyond reason for 
a t e rrestrial vacuu , i s orde rs 0 a ni ude beyond any presen 
experience . Furt er econo ic and echni cal analyses 0 this concep 
should obviously include co r?risons bet een the costs 0 terrestr i al 
an orbi al aci I ities for p 0 ucino he sa e product . 

6 . Seve ral conce p s o r separation of the fissionable ater ia ls 
fro he i so ope product ion blanke co e to ind , and eac 0 hese 
should be exa ine in so e detai I be ore even prel i inary choices of a 
speci I C e od ca ra ional ly be ade . A on g the ethods that ig be 
espec ially att active or use in space a re che ica l separation techniques , 
gas cen rifuge methods , and any of several ethods for electror agne ic 
separation . The assu ed faci I ity wei gh s shown in Table IV are si ply 
prei iminary goa ls . e have taken a cu rsory look at the possibi I ity of 
e !ectro agnetic separation of ion streams of the fissionable isotope
bearing part 0 the production blanket , using the ear h ' s agnetic 

ield . Space charge de ocussing of the ion stream appears to be a 
problem , but several space char e neutral ization techniques at least 
appear to war ran t fu r ther study . 

7 . The estimated and postulated costs g iven in these tables do 
not allow for fabrication of finished reactor fuel elements in an 
orb ital faci I ity . It is assu ed , rather , tha t the separated fissionable 
ate rial s would be packaged and re urned to earth for incorpo ration into 

fuel ele ents i n terres ri a l aci I ities . I is possible , however , that 
some of the fabrication and processing tecrniques that have been dis 
cussed at th i s sy pos i um , as we I I as othe r techn i ques that make use of 
the unique environ ents avai lable in space may ake it a tractive to 
fabricate the fuel ele ents in space . We propose to examine this 
poss ibi I ity further . 

S . Esti ates 0 the req u ired supporting faci I ities and opera -
ions in space a d on the ground are all highly spec ulative , and not 

based on any 3pec i i c ana I ys is . I the concept shou I d be deve loped for 
produc ion of a significant fraction of the fissi ona~ le material con 
sumed i n the world ' s pow r reactors several decades fro now , production 
rates are I i kely to be an order 0 agnitude or more larger han the 
10,000 ki lograms pcr year assu ed for our exa pie . In this ca se , the 
nu ber of operating personnel in space cou ld be several hundred , withoL.;t 
raisin the total uni cost of fissionable materials above 5- 10 , 000 per 
ki logra . 
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