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METALLURGY DIVISION 

ABSTRACT 

Advanced Water Reactor P r o g r a m - Activity 4102 

The second core for EBWR is planned to consis t of t ho r i a -u ran i a 
pel lets enclosed in tube shee t s , s imi la r to the Borax-IV loading which is 
now -under t e s t . Higher t e m p e r a t u r e and s t rength r equ i rement s for the 
EBWR, however, make n e c e s s a r y the substi tution of tube sheet m a t e r i a l 
different than the aluminum alloy used for Borax-IV. Z i rca loy-2 is a p o s ­
sible choice for tube sheet m a t e r i a l , but ext rus ion of th is ma te r i a l , unlike 
the aluminum, would be expected to be ve ry difficult. 

Alternate methods , including roll ing and expansion, a r e being t r i ed . 
These take the form of bonding two Zi rca loy-2 pla tes together by rol l ing, 
but leaving lengthwise s t r ips of unbonded a r e a s which l a te r can be expanded 
into tubes pneuinatically. Efforts to date have been unsuccessful in e s t a b ­
lishing proper conditions for the in te rmi t ten t bonding. 

As for the fuel pel le ts t hemse lves , exper iments a r e under way to 
improve the i r t he rma l shock r e s i s t ance by incorporat ing meta l f ibers into 
the s in te red c e r a m i c bodies . The use of reinforcing wire of molybdenum 
and of niobium is being studied as to possibi l i ty of reac t ions with the c e ­
r a m i c base and with s eve ra l canning m a t e r i a l s . 

Studies a r e also being made on methods of producing sound pel le ts 
of t ho r i a -u ran i a with urania in excess of 30% by weight. P r e s e n t t ech­
niques for these high uran ia compacts r e su l t in cracking and excess ive 
poros i ty . 

The use of fused thor ia and uran ia in the p repara t ion of h igh-densi ty 
compacts is also receiving some p r e l i m i n a r y attention. 

F a s t Power B r e e d e r P r o g r a m - Activity 4104 

Techniques for cast ing bil let co re s for EBR-I , Core III a r e being 
developed. One method, a multiple type, has been successful ly used for 
casting 8 bi l le ts of no rma l uranium s imul taneously and is p resen t ly being 
extended to 16 for a potential production ra t e of 32 bi l le ts per day. The 
other method is for enr iched cores and has been l e s s successful . This is 
a single billet method and sorne difficulty has been encountered in magne­
s ium deposits being formed in the mold. Magnesia c ruc ib les a r e being 
used. 



6 

Work is a lso being done on joining methods requ i red to pe rmi t fuel 
and blanket rod fabricat ion of EBR-I , Core III. These rods a re to be made 
separa te ly by coextrusion, cut into s lugs , a s sembled in c o r r e c t o rde r , and 
butt-welded together . Following th i s , the a s sembly is to be heat t r ea ted , 
s t ra ightened and cen te r l e s s ground The tip and spacing r ibs will then be 
attached, the fo rmer being final machined in place for accura te center ing . 

F r o m five prospec t ive bidders on the construct ion and instal la t ion 
of equipment for the Fuel Fabr ica t ion Fac i l i ty (Building 350), only one bid 
was re turned and that one was excess ive . The work has now been sub­
divided into seven ca tegor ies for r e submiss ion for bidding, with coordina­
tion responsibi l i ty remaining with Argonne. 

Investigation of methods for the remote refabr icat ion of i r r ad ia t ed 
a lpha-act ive r eac to r fuels has been undertaken with p r i m a r y direct ion of 
effort to EBR-II fuels. The basic tenet i s that the p r o c e s s be accompl ished 
by a minimum number of opera t ions . Under l imitat ions of the iner t a t m o s ­
phere n e c e s s a r y , and the use of hard , br i t t le fuel m a t e r i a l s , p rec i s ion c a s t ­
ing has suggested the best poss ib i l i t i e s /no twi ths tand ing the long, na r row 
shape of the re fe rence e lement c o r e . An injection cast ing technique has 
been developed toward this end which has resu l ted in a sa t i s fac tory yield, 
even of the difficult cast ing u ran ium-f i s s ium composi t ions . Other e lements 
of the operat ion a re now being modified for remote control . 

The solidus t e m p e r a t u r e of U-10 w/o F s has been m e a s u r e d as 
approximately 1000°C and of U-20 w/o Pu-10 w/o F s as about 930®C. 

Argonne Low Power Reactor - Activity 4202 

A smal l number of ALPR fuel p la tes , made under development con­
t r a c t s , were sent to ANL for evaluation. These a r e made of a luminum-
uranium alloy clad with aluminum alloy M-388. Boron to 0.5 w/o is 
p resen t in the core alloy» Per t inen t p rope r t i e s a r e being de te rmined at 
the p re sen t t i m e . 

Advanced Engineering and Development - Activity 4530/4540 

Disassembly of the damaged EBR-I , Core II has been completed and 
evaluation made . Details of the s t r u c t u r e , with photographs, a re included. 
Examination of the m i c r o s t r u c t u r e gives confirmation of alloying of the 
core with the s ta in less s tee l jacket ing, with subsequent eutect ic mel t ing. 

Development of fuel e lements for the TREAT reac to r has been in i t i ­
ated. This is proposed as a UOg d i spers ion in graphi te . The use of g raph­
ite bonded with Bakeli te or furfural alcohol appears to be feasible at this 
s tage . 
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In nondestruct ive tes t ing, bi l lets for the EBR-I , Core III have been 
tes ted by ul t rasonic methods , and an ul t rasonic f luoroscopy unit is under 
construct ion, featuring ba r ium t i tanate t r a n s d u c e r s . F u r t h e r s tudies of 
eddy-cur ren t techniques a re being made with the new dual channel sys t em 
which cancels out the var iable of p robe - to -me ta l spacing. A considerable 
i n c r e a s e in sensi t ivi ty to defects i s r epor ted as a resu l t of th is innovation. 

A new dynamic cor ros ion test ing facility has been const ructed which 
features inore accura te control of dissolved consti tuents and replaceabi l i ty 
of samples during operat ion of the systenn. 

The development of an e lect rolyt ic cell to m e a s u r e the pH of phos ­
phoric acid solutions has resu l ted in a method of separa t ing the co r ros ion 
effects of pH and anions in the test ing of aluminum a l loys . Attempts a r e 
being made to a s s e s s the effects of using phosphoric acid as a co r ros ion 
inhibitor in the EBWR. 

Some p re l im ina ry cor ros ion re su l t s on magnes ium alloys show 
super io r r e s i s t ance to those of h igh-pur i ty magnes ium. This is of i n t e r ­
es t because of the i r proposed use in "Mighty Mouse ." 

Cer ta in z i rconium capsules which failed in MTR i r rad ia t ion have 
been examined in the ixietallographic cave to de te rmine the cause of fa i lure . 
The examination disc losed no effects t r aceab le to radiat ion damage beyond 
the fact that the z i rconium was Grade III, which is unsuitable for r eac to r 
appl icat ions. 

Product ion, T rea tmen t , and P r o p e r t i e s of Mater ia l s - Activity 5410 

Three ftmdamental e las t ic constants have been de te rmined on the 
th ree single c ry s t a l s of alpha uranium, as desc r ibed in ANL-5709. The 
c rys t a l s were produced at ANL and m e a s u r e d at the Bell Telephone Lab­
o ra to r i e s by an u l t rasonic method. Each c ry s t a l was cut pa ra l l e l to one 
set of orthogonal p lanes , yielding at l eas t one value of each of the no rma l 
constants Cn to C^^. Three more c rys t a l s of somewhat different o r i en ta ­
t ions , which a r e designed to furnish the shea r constants C12 to C^^, a r e in 
p repa ra t ion . These will be sufficient to fully desc r ibe the e las t ic p r o p e r ­
t ies of single c rys t a l s of u ran ium. 

F u r t h e r inetal lographic work has been done on the r e c r y s t a l l i z a ­
tion p rope r t i e s of alpha uranium, with fur ther indication of a different 
mechan i sm operat ing below 380°G from that operat ing above that t e m p e r ­
a t u r e . At p resen t the t h e r m a l expansion coefficients a r e being compared 
for spec imens annealed at low t e m p e r a t u r e s for long t imes and o thers 
annealed at high t e m p e r a t u r e s for shor t t i m e s . 
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The p r o g r a m to m e a s u r e self-diffusion in uranium by sputter ing 
a layer of U^̂ ^ on depleted uranium has run into a snag owing to difficulties 
encountered in the formation of an unidentified " b a r r i e r l aye r " (ANL-5709). 
Efforts to el iminate this b a r r i e r , which included cleaning of the cathode by 
ionic bombardment , have so far been imsuccessful . 

A the rma l analysis apparatus has been const ructed and de t e rmina ­
tion made of the u ran ium-carbon eutect ic t e m p e r a t u r e , which is shown to 
b e H l 6 . 5 ± l . . l °C. The melting point of h igh-pur i ty uran ium has a lso been 
rede te rmined at 1132.4 + 0.6**C, mean of melt ing and freezing, which is in 
substantial agreement with previously m e a s u r e d values , both at the 
Bureau of Standards and at ANL. 

The b inary u ran ium-ru then ium sys t em has been examined from 
20 to 50 w / o R u , showing six in te rmeta l l i c compounds. The b inary u ran ium-
molybdenum sys tem is being invest igated as to the effect of molybdenum 
on the lat t ice p a r a m e t e r of the gamma phase . A p re l imina ry vers ion of 
the u r a n i u m - r i c h corner of the uran ium-ru thenium-molybdenum t e r n a r y 
sys tem has been developed. 

Long- t e rm cor ros ion t e s t s (up to 1000 days) of 1100 aluminum in 
dist i l led water and potass ium sulfate solutions a r e nea r ly complete and 
show, tentat ively, a continuously decreas ing r a t e . Improvement in the 
technique of measur ing film r e s i s t ance on z i rconium alloys has resu l ted 
from the use of an e l ec t rome te r in conjunction with a means of cu r r en t 
measu remen t in s e r i e s with the film drop. Two zirconium t e r n a r y alloys 
have survived 47 days in 400°C s t eam as follows: (1) 0.32 w/o Y,0.68 w/o 
Nb, and (2) 0.03 w/o Sc, 0.47 w/o Th. 

Sintering studies have been made on AI2O3 (sapphire spheres ) in 
vacuum, hel ium and e lect rolyt ic hydrogen. On 30-mil spheres at 1800*G 
in hydrogen the mechan i sm appears to be volume diffusion modified by 
surface diffusion. At higher t e m p e r a t u r e s or with sma l l e r sphe re s the 
mechan i sm s e e m s to be solely volume diffusion. No s in ter ing occu r r ed 
in vacuum or hel ium. 

Alloy Theory and the Nature of Solids - Activity 5420 

The study of the role of atomic s ize in determining the occur rence 
and lat t ice p a r a m e t e r of Cr30-type phases has been completed and a paper 
has been submit ted for open l i t e r a tu re publication. A c r i t e r ion for the 
stabi l i ty of the phase in t e r m s of a rat io of the radi i of component a toms 
has been es tabl ished, and empi r i ca l equations have been der ived for p r e ­
dicting the la t t ice p a r a m e t e r of the phase f rom a knowledge of the atomic 
rad i i . The exis tence and com.position ranges of s igma phases in Os-W, 
Os -Ta , and I r - T a have been es tabl ished. 
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I. ADVANCED WATER REACTOR PROGRAM - ACTIVITY 4102 

1. Development of Ceramic Fuel Elements 

a. Fabr ica t ion of Zi rca loy-2 Cladding for Ceramic Fuel Elements 
( j . R. Lindgrens C. H. Bean, R. E. Macherey) 

The second fuel loading for the EBWR is planned as tho r i a -
urania . This fuel is expected to be s imi la r to that used in the Borax-IV 
loadings i .e . , pel le ts jacketed in aluminum tube- in-shee t mechanical ly 
bonded with lead. Because of the higher se rv ice r equ i r emen t s , however, 
a substitution of Zi rca loy-2 for the aluminum cladding becomes a 
possibil i ty. 

As an initial design specification of the cladding for the second 
loading of EBWR, the Borax-IV tube- in-shee t i s being used. An end view 
of the aluminum cladding used for the Borax-IV loading is shown in F i g ­
u re 1. This tube- in-sheet was produced by extrusion. 

F igure 1. End View of Cladding Tube-in-Sheet for Borax IV. 

0.05S 
0.137 

Extrusion of a s imi la r tube- in-shee t of Z i rca loy-2 , however, 
would be ext remely difficult. Two avenues of approach more prac t ica l than 
extrusion for the production of this type of cladding p resen t themse lves . 
These a r e forming and welding, and rolling and expansion. No work has 
been done on forming and welding; some work has been done on roll ing and 
expansion. 

The work which has been done was general ly pat terned after the 
p roces s developed commerc ia l ly for the production of copper and aluminum 
tube- in-sheet . 
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Two methods have been explored for making slotted sheet which 
then can be expanded into cladding jackets . The f i rs t t r i ed was rol l bonding. 
Shallow slots the width of one-half the c i rcumference of the des i red tube 
were machined in two Zi rca loy-2 p la tes at p roper locations of the des i red 
tubes . The sheets were then placed^ slotted s ides together , with graphite 
s t r ips placed within the s lo ts . The sheets were p r e s s e d together and sealed 
by welding, and the a s sembly was jacketed in s tee l . The jacketed bil let was 
then hot rol led at 850° C in an at tempt to bond the plate in the webs between 
the slots and re ta in unbending in the tube s lo ts . Even with heavy reduct ions 
(90%) the plates were only par t ia l ly bonded. 

Because of the bonding difficulties and the need for extensive 
inspection of this type of product;, a second method was t r i ed . In this 
method, holes ei ther square or round were dri l led longitudinally at the cen­
te r line of a plate and the holes filled with graphite rods to prevent bonding. 
After jacketing in steel the bi l lets were rol led at 850® C into 50-mi l sheet . 
No bonding developed in the tube s lo ts . 

F i r s t a t tempts to expand the slots into tubes were done pneu­
mat ica l ly at room t e m p e r a t u r e . Fo r introduction of the gas into the s lots a 
Zi rca loy-2 header was welded to one end of the sheet and the other end was 
sealed by welding. Because of the re la t ively low ductili ty of Z i rca loy-2 , 
the slots ruptured before much expansion took place . 

Next a t tempts at expansion were done at elevated t e m p e r a t u r e s 
to improve the ductility of the m a t e r i a l . Several different t e m p e r a t u r e s b e ­
tween 650° and 950°C were t r i ed , but expansion of the slots into tubes was 
best done at 900°C. To reduce contamination of the s t r ip at these elevated 
t empera tu r e s - the work was done in an argon a tmosphere and expansion was 
also pe r fo rmed with argon. The outside d iameter of the tubes var ied from 
0.245 to 0.277", averaging 0.260". 

During the expansion of the tubes some warping developed in 
the sheet . At tempts to r e s t r a i n the sheet by clamping between steel dies 
was unsuccessful because of the difference in t h e r m a l expansion coefficients 
of the die and work, 

b . Metal F i b e r s in Thor i a -Uran ia C e r a m i c Fuel Bodies 
(C. L. Hoenig, R. C. Lied) 

A s e r i e s of t ho r i a -u ran ia fuel bodies re inforced with meta l 
f ibers of the type developed by Armour R e s e a r c h Foundation was fabr icated 
for i r rad ia t ion t e s t s . These bodies have shown good r e s i s t a n c e to t he rma l 
shock and to t h e r m a l fragmentat ion in out-of-pi le t e s t s . 

Severa l se ts of spec imens were fabr icated by hot p r e s s i n g . One 
s e r i e s of composi t ions was re inforced with molybdenum wi re at 10 w / o , 
while a second s e r i e s was re inforced with niobium wire at 10 w / o . 



11 

Specimens were made using both normal and enr iched uranium, with 
u ran ia - thor ia ra t ios of 9 0 / l 0 , 70/30, and 50/50. These specimens m e a s ­
ured approximately 3 / 8 " in d iameter and l / 2 " in length. The apparent 
porosi ty of the specimens ranged from 2 to 17% for the specimens contain­
ing enriched urania , and from 2 to 25% for the specimens containing the 
normal urania . 

Cans of Zi rca loy-2 and A l - 1 % Ni have been made and the pe l ­
lets a r e now in the p r o c e s s of being canned. 

Poss ib i l i ty of react ion was studied at 600°, 700°, and 800°C 
between the following m a t e r i a l s : U02-Th02 and Z i r c a l o y - 2 | UQ2-Th02 and 
s ta in less s teel ; U02-Th02 and lead; lead and Z i rca loy-2 ; lead and s ta in less 
s teel ; graphite and Z i rea loy-2 ; graphite and UOz-ThOg. 

In the f i r s t a t tempt couples of the samples w e r e vacuum sealed 
in Vycor tubes and the tubes put in lead baths at the t h r ee operat ing t e m ­
p e r a t u r e s . Lead oxide forming at the surface of the baths reac ted with the 
Vycor tubing so rapidly that the method had to be abandoned. 

Fo r the second at tempt the vacuum-sea led Vycor caps tdes 
were put in s ta in less s teel tubes with fine s i l ica as a shock shield between 
the samples . The heating medium used was a salt bath (Houghton's Liquid 
Heat 80). After 240 hours the s ta in less s teel sample tubes were cor roded 
through just below the surface of the sal t . The salt bath was abandoned as 
a heating medium. 

2. P r o p e r t i e s of Thor ia -Uran ia Bodies (C. L. Hoenig) 

Thor i a -u ran ia bodies containing up to 30 w/o UO2 have been s u c c e s s ­
fully fabricated in smal l shapes by a i r - f i r ing mix tu re s of Th02 and UsOg. 
Composit ions containing m o r e than 30 w/o UO2 tend to c r a c k when a i r - f i r ed . 
These composi t ions a lso have low dens i t i es . 

In an effort to improve the densi t ies of t ho r i a -u ran i a bodies contain­
ing m o r e than 30 w/o UOg, -325 m e s h ThOz and UO2 were mixed in the ra t io 
of 70 w/o ThO2-30 w/o UO2 and 50 w/o ThO2-50 w/o UO2. These powder 
mixes were then calcined in a i r at 600°C, Specimens measu r ing l / 4 " and 
3 /4" in d iamete r were p r e s s e d from the calcined powders and f ired to 
1450° - 1500°C in 24 hours . The l / 4 " pe l le t s were found to be free of 
c racks while the 3 /4" pe l le t s were found to be c racked . X - r a y ana lys is of 
the powder calcined at 600° C showed the or thorhombic s t r uc tu r e s imi l a r to 
the UjOg and faint ThOz l ines . It is evident that the ThOz-UOg solid solution 
is not found by calcining mix tu res of thor ia and uran ia powders at 600°C. 
The t e m p e r a t u r e at which these solid solutions form, and the na ture of 
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their formation would appear to furnish the logical answer to fabrication 
of a i r - f i r ed Th02-U02 solid solutions containing m o r e than 30 w/o UOg, and 
exper iments designed to es tabl ish the t empe ra tu r e of formation a r e now in 
p r o g r e s s . 

The use of fused UO2 and Th02 in the p repara t ion of high density 
thoria and uran ia bodies is a lso being invest igated. An a r c furnace has 
been set up and an at tempt made to fuse ThOg. Initial runs have produced 
a smal l amount of what appears to be ThOg g las s . 
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II, FAST POWER BREEDER REACTOR PROGRAM - ACTIVITY 4104 

1. EBR-I , Mark III Core Loading 

a. Casting Extrus ion Billet Cores (N. J . Carson , J r . , 
R. E. Macherey) 

During the f i r s t quar te r of 1957, foundry effort was confined to 
se rv ice work and to development of a cast ing technique for EBR-I , M a r k l l l 
extrusion billet c o r e s . Two sepa ra t e techniques w e r e pursued ; one for 
casting severa l norm^al uranium alloy co re s s imultaneously, and the other 
for individual enr iched uranium alloy c o r e s . . 

The normal uran ium alloy c o re s have been successfully cas t 
using a one-piece graphite mold consist ing of eight cyl indr ical cavi t ies 
a r r anged radia l ly in a 10" d i ame te r , 12" long, graphi te cyl inder . A pou r ­
ing cup was cut into the top center of the mold and connected by spillways 
to the individual cav i t i es . Using a pouring t e m p e r a t u r e of 1400°C, sound 
and homogeneous cast ings can be consis tent ly produced. Effort i s now 
being extended to the production of 16 co re s from a single heat . When 
this i s achieved the potential production r a t e will be 32 c o re s per day. 

The method of cast ing enr iched c o re s involves the use of m a g ­
nes ia c ruc ib les , split type, single cavity graphite molds , and z i rconium 
wi re . The most des i rab le cas t ings have been made using pouring t e m p e r ­
a tu re s between 1385° and 1400°C. The mos t suitable mold t e m p e r a t u r e has 
not yet been es tabl ished. 

A grea t deal of difficulty has been exper ienced with magnes ium 
deposi ts forming in the mold. There is evidence that the c ruc ib les now 
being used a r e decomposing at lower t e m p e r a t u r e s than did those of p r e ­
vious batches . F igure 2 shows magnes ium deposi ted on the side of a mold 
into which a uran ium alloy had been poured. F igu re 3 shows the magne ­
sium deposit taken from a mold bottom following a heat which could not be 
poured. In both ins tances the diagnosis of magnes ium was confirmed by 
X- r ay diffraction. 

At the p re sen t t ime magnes ium deposit ion in the mold is p r e ­
vented by a l / 2 " vent space between mold and cruc ib le a s sembly and by a 
per fora ted uran ium foil disc in the mouth of the mold. The foil disc p r e ­
vents magnes ium from enter ing the mold, but offers very l i t t le r e s i s t a n c e 
to the passage of superheated uran ium. 

The bil let co re cast ings after machining will be jacketed with 
Z i rca loy-2 , canned in copper , and extruded into rod at Nuclear Meta ls , Inc. 
The finished rods will be 0.404" outside d i a m e t e r , clad with 0.020" of 
Z i rca loy-2 . The r ibs r equ i red for spacing rods for the r igid core loading 
will be welded-on w i r e s . 
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Figure 2 

Magnesium Deposit 
Found on Mold Wall 
Following Removal 
of Casting. 

f ' 

Macro 21154 5/8-X 

Figure 3 

Macro 21373 2-X 

Magnesium Deposit 
Taken from Bottom 
of Mold (Heat Not 
Poured) . 
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b . Welding of Fuel and Blanket Rods (R.A Noland, C. C Stone, 
F . D. McCuaig) 

Work has continued during the pas t quar te r on the development 
of joining methods r equ i r ed to pe rmi t fabricat ion of the fuel rods and b lan ­
ket rods for the Mark III core of EBR-I With the exception of an 8.500" 
long cen t ra l section of each fuel rod in which the u ran ium presen t is 93 5% 
U^^ ,̂ both rod types a r e ident ical . The rods a r e 0.403 + 0 001" d iamete r 
by 21-|-" long (without handle) and a r e clad with a 0 020" layer of Z i rca loy-2 
by coextrus ion. A U-2 w/o Zr alloy provides the core m a t e r i a l ; in the 
blanket rods the u ran ium is p resen t as na tura l u ran ium, blanket sect ions 
of the same composit ion and enr ichment a r e fastened to each end of the 
heavily enr iched fuel sect ion in the fuel rods . Thin Z i rca loy-2 d iscs a r e 
used to separa te the fuel sect ions f rom the blanket sec t ions . All rods have 
an accura te ly machined Z i rca loy-2 locating tip at one end. A Zi rca loy-2 
fitting, which is dr i l led and tapped to rece ive a s t a in less s tee l handle, is 
fixed to the opposite end. To space the rods in the r eac to r co re , t h ree 
longitudinal fins, 0.043 to 0.047" high, a r e spaced 120° apar t around the 
pe r iphe ry of each rod. 

Fabr ica t ion ; Clad lengths of rod of the blanket composi t ion 
and the fuel composi t ion a r e to be produced by coextruding bi l le ts of the 
des i r ed m a t e r i a l canned in Z i r ca loy -2 . The extruded lengths will be cut 
into s lugs; the enr iched ex t rus ions into 8.500" long sec t ions , the na tu ra l 
enr ichment ext rus ions into fuel rod blanket slugs 3.562" and 7.750" long, 
and into blanket rod sect ions 19.812" in length. To fo rm ei ther type rod, 
the appropr ia te sect ions will be a s sembled , accura te ly posi t ioned, and 
then but t -welded together The but t -welded rods will next be heat t r ea t ed , 
s t ra ightened, and s ized by removing 0.005" or l e s s f rom the i r outer d i am­
e t e r s in a cen t e r l e s s grinding opera t ion . The locating tip motmted on one 
end of each rod will then be machined in place so as to put i ts center line 
p r e c i s e l y coincident with the longitudinal center line of the rod. Fol low­
ing th i s , the longitudinal spacing r ibs will be welded in p l ace . It has not 
as yet been decided whether it will be n e c e s s a r y to size the r ibs after 
welding. 

As indicated e a r l i e r , work has continued during the pas t 
quar te r on the development of suitable welding techniques for ( l) bu t t -
welding, and (2) a t tachment of the spacing r u b s . 

Butt-Welding. It ie des i r ed that the butt-welding include a sea l 
weld at the c l ad - to -c l ad junction and that mos t of the a r e a of the abutting 
sur faces be joined. Dimensional alignment of the sect ions after welding 
is r igidly l imited; coincidence (run out) of the center l ines of the joined 
sect ions mus t be held to within 0.002". Two bas i c approaches have been 
invest igated, namely , (l) e l ec t r i c r e s i s t a n c e welding, and (2) a combina­
tion of iner t gas , t ungs t en -a rc and induction welding. Resu l t s obtained in 
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a smal l number of explora tory t r i a l s of the e lec t r i c r e s i s t ance butt-welding 
approach were discouraging, so the work on this technique was discontinued. 
Rather encouraging welds have been produced by a method in which i n e r t -
gas , tungs ten-a rc welding achieves the c lad- to -c lad seal weld, which is fol­
lowed by induction welding to fuse the abutting surfaces of the adjoining 
sec t ions . Apparatus to pe r fo rm both welding opera t ions on a semiau tomat ic , 
m o r e reproducible bas i s is now being cons t ruc ted 

Spacing Rib Welding: Satisfactory at tachment of the Z i rca loy-2 
spacer r ibs has been shown to be feasible by e lec t r i c r e s i s t ance spot weld­
ing on a condense r -d i scha rge type unit. P a s s a g e of the work through the 
welding operat ion was done by hand in the work to date A fully automated 
device which will automatical ly feed the work through the machine is now 
being buil t . This device is expected to be used in the product ion run . 

2. EBR-II Fuel Fabr ica t ion (A. B. Shuck, F . L. Yaggee, J. E . Ayer , 
R. M. Mayfield, H, F . Jelinek) 

a. Equipment for the Fuel Fabr ica t ion Faci l i ty (Faci l i ty #350) 

The designing of the equipment for Faci l i ty #350 was completed 
during the quar t e r . Mechanical const ruct ion bids were sol ici ted f rom five 
con t r ac to r s who in prev ious contacts had indicated a wil l ingness to a t tempt 
to l u m p - s u m bid the work. "No bid" was r e tu rned by the O. G. Kelley 
Company, by the P i t t sburgh Piping and Equipnaent Company, by Swinerton 
and Walberg Company, and by the Consolidated Western Steel Division of 
the U.S. Steel Company. A bid was opened on F e b r u a r y 28 f rom the Blaw-
Knox Company for the amount of $5,2853000. This bid g rea t ly exceeded 
the total amount available for the work and e s t ima te s by both ANL engineers 
and the a r c h i t e c t - e n g i n e e r s ; the bid was re jec ted . 

Investigation of the "no bid" r e t u r n s indicated that fai lure to 
bid waf due in pa r t to the re luc tance of genera l con t r ac to r s to bid on work 
of an unfamil iar na ture and to the re luc tance of manufacturing con t r ac to r s 
to under take an involved ins ta l la t ion cont rac t . 

It was the re fore de te rmined to b r e a k the work down into seven 
p a r t s of known fami l ia r i ty to subcon t rac to r s and for the Labora to ry to 
assume the responsib i l i ty for the coordinat ion and admin is t ra t ion of these 
subcon t rac t s . The specification is therefore, being r ewr i t t en in the follow­
ing p a r t s : 
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P a r t II-A Fabr ica t ion of Hoods, Subhoods, Enc losu res and 
Miscellaneous Equipment 

P a r t II-B Instal lat ion of Hoods, Subhoods, Enc losu res and 
P r o c e s s Equipment 

P a r t II-C P r o c e s s Piping 

P a r t II-D Ventilation and Sheet Metal Work 

P a r t I I-E E lec t r i ca l Work 

P a r t I I - F Pneumat ic Controls 

P a r t II-G Painting 

Bids will be sol ici ted on each of the above p a r t s with the con­
t r a c t o r s encouraged to bid on m o r e than one pa r t . 

b . Development of Methods for the Remote Refabricat ion of 
I r r ad ia ted ( a + 7 Radioactive) Reac tor Fuels 

The investigation of methods for the r emote re fabr ica t ion of i r ­
rad ia ted reac to r fuels has been under taken with the objective of designing, 
const ruct ing, and test ing techniques and equipment for the re fabr ica t ion of 
EBR-II fuels. Studies have been made to es tab l i sh the bas ic r e q u i r e m e n t s 
for r emote control led refabr ica t ion p r o c e s s e s . P r e l i m i n a r y r e q u i r e m e n t s 
have es tab l i shed that the refabr ica t ion p r o c e s s should be accompl ished with 
the min imum number of opera t ions . Equipment should be of component ized-
subassembly design with each of the component subassembl i e s removable 
and replaceable by s imple crane and manipulator mot ions . Simplified p r o c ­
e s s e s and equipment a r e r equ i r ed for r emote control led opera t ion . 

The necess i ty of operat ing within an iner t a t m o s p h e r e , with 
p r o c e s s charges in the 10^ cur ie range , and with hard , somewhat b r i t t l e , 
r e s idua l a l loys, imposed further design r equ i r emen t s and l imi ta t ions upon 
the select ion of the p r o c e s s . Equipment should be total ly rep laceab le for 
p r o c e s s flexibility. 

Of s eve ra l poss ible methods of producing a fuel pin, 
0.1445 i 0.001 " d iamete r by 14 22 1 l / 3 2 " long, p r ec i s ion cas t ing offered 
the advantage of a shor t opera t iona l sequence, s impl ic i ty of equipment, and 
was not l imi ted to the fabr icat ion of ductile m a t e r i a l s . Casting techniques 
when p rope r ly control led do not or ient the s t r uc tu r e and thereby min imize 
one cause of radia t ion damage 

Recent ly, the c o m m e r c i a l product ion of p rec i s ion bore g lass 
tubing has been extended to the manufacture of fused quar tz and high s i l i ca 
g lass tubes to bore to l e rances of iO.0005" . Some g rades of h igh- s i l i ca 
g lass have softening points above 1500°C and will withstand over 1000°C 
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of t h e r m a l shock per mi l l ime te r of th ickness . Glass molds may be pul ­
ve r i zed away from the cast ings and, since the g lass is iner t to most ac ids , 
the valuable fuel r e s idues may be separa ted f rom the pulver ized g lass by 
leaching. The g lass , however, r e a c t s rapidly with molten u ran ium and 
must be pro tec ted by means of a r e f r ac to ry coating. 

The length to d iameter ra t io of 100:1 would not be eas i ly ob­
tained by gravi ty cas t ing . Bottom gating was des i rab le to e l iminate flow 
m a r k s . Injection cast ing with the inetal forced into the mold f rom the 
bottom was therefore indicated. Injection cast ing machines commerc i a l l y 
available a r e complex inechanical inachines casting molten meta l into 
pe rmanen t molds by hydraulic action. For many r e a s o n s they were total ly 
unsuited for the EBR-II fuel application. 

A concept of gas p r e s s u r e injection cast ing was developed 
which was essent ia l ly nonmechanical in na tu re . Very simply stated, the 
concept was based upon the poss ibi l i ty of supporting a column of molten 
mietal in an evacuated tube, one end of which is submerged, by applying a 
p r e s s u r e difference a c r o s s the wall of the tube and between the exposed 
sur faces of the meta l inside and outside the tube. 

In the injection cast ing p r o c e s s for the production of EBR-II 
fuel p ins , the U-5 w/o Fs alloy is mel ted under vacuum in a Th02-coated 
graphi te c ruc ib le . The mLolds, in the form of h igh-s i l i ca g lass (Vycor 7911) 
tubes c losed at one end, a r e suspended open end down over the molten bath . 
During melt ing, the a s sembly of mold tubes is heated by r e s i s t a n c e wind­
ings within the vacuum chamber . When the molten alloy has r eached the 
se lec ted cast ing t e m p e r a t u r e , the vacuum pumping sys t em is i so la ted f rom 
the furnace chamber and the crucible is caused to r i s e , submerging the 
open tube ends . When the crucible r e a c h e s i t s uppermos t level , the ac tua t ­
ing r a m t r i p s a snap switch which opens the evacuated furnace chamber to 
an accumulator tank containing an iner t gas (helium or argon) under p r e s ­
s u r e . The m o m e n t a r y p r e s s u r e difference a c r o s s the wall of the subBaerged 
tubes causes the molten alloy to r i s e into the tubes where it f r e e z e s . The 
cruc ib le containing the r ema inde r of the molten alloy is lowered in about 
10 seconds after p r e s s u r i z a t i o n and while the m e t a l in the c ruc ib le i s s t i l l 
molten, but after solidification of the cas t ings . F igure 4 shows a schemat ic 
r ep re sen ta t ion of equipment to produce injection cas t ings by the jxiethod 
outlined above. 

It had appeared poss ib le at f i r s t to cas t as many as 100 fuel 
p ins at one tinae; however, an analys is of the self-heat ing effects of the 
i r r a d i a t e d fuels indicated that concent r ic rows of cas t ings in such number s 
would be prohibi t ive due to the inabili ty to cool the cas t p ins . This p rob l em 
was solved by r e a r r a n g i n g the geomet r ic pa t t e rn and reducing the n u m b e r s 
of pins ca s t . 
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1- FURNACE BELL 
2- QUICK MB-TING METALLIC SEAL 
3 MOLD TUBES 
*• CRUCtBlX 
5- IKJUCTION COIL 
6- SAFETY HEAD 
7 GAS PRESSURE LINE 
a- '^NOJ^'lfi PUMP 
9- STANDARD LIFTING RING 
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i;±i 

10^2874 

SCHEMATIC 
INJECTION CASTING FURNACE 

Figure \. 
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Figure 5 is a photograph of the prototype injection cast ing 
equipment which was employed to de te rmine the p a r a m e t e r s within which 
the cast ing technique mus t opera te in o rder to produce acceptable cas t ings . 
At this wri t ing, the injection cast ing technique has been reduced to t h r ee 
a r e a s of study; ( l) length and d iameter of cas t ings ; (2) surface condition 
of cast ing; and (3) weight of finished fuel pin (dimension and densi ty) . As 
a f i rs t considerat ion, the va r iab les controlling the length of cast ing have 
been es tabl ished as (a) mel t t e m p e r a t u r e , (b) init ial accumulator p r e s s u r e , 
(c) p r e s s u r i z i n g t ime , and (d) m.old t e m p e r a t u r e . The surface condition of 
the cast ings has been tentat ively a t t r ibuted to the condition of the mold 
coating applied and, for purposes of controll ing this va r iab le , a coating 
consist ing of finely divided ThOg suspended in an alcohol d i spers ion of co l ­
loidal graphite has been selected f rom the severa l that have been t r i ed . 
Seventeen p r e l i m i n a r y exper imenta l runs a r e summar i zed in Table I, with 
an analys is of the length of cast ing. 

The data and calculat ions p resen ted in Table I -were used to 
evaluate p r io r cast ing techniques and to pro jec t the operat ing p a r a m e t e r s 
requ i red to cas t full length cast ings into the coated molds . After o rgan i ­
zation and classif icat ion, F igu re s 6, 7, and 8 were plotted, showing mel t 
t e m p e r a t u r e , cast ing p r e s s u r e , and t ime to a r r i v e at final furnace p r e s ­
sure ve r sus cast ing length. Considerat ion of the above data suggested the 
conditions for achievement of full length cas t ings , 15" p lus . These condi­
tions were predic ted based upon the above and were adjusted on four cas t s 
of U-5 w/o F s alloy. The r e s u l t s of these t e s t s a r e shown in F igure 9. 

An analys is was made on the d i a m e t e r s of 78 cas t ings . Each 
casting was m e a s u r e d on six d i a m e t e r s from top to bottom. It was found 
that m o r e than 80% of the 608 m e a s u r e m e n t s taken were within 
0.1445 ± 0.0010". F u r t h e r m o r e , the ex t r eme lower ends of the cas t ings 
tended to exceed the 0.1445** upper l imi t . Cropping 3/4•• from the lower 
ends removed the shrink cavity and also tended to bring the m e a s u r e m e n t s 
in l ine with the specified r e s u l t s . Diamet ra l var ia t ion was observed to be 
a function of the d iamete r of the molds into which the me ta l is cas t and the 
regula r i ty of the r e f rac to ry coating film. A special pneumatic gage has 
been o rde red for m e a s u r e m e n t of the tube bore and work is continuing upon 
coat ings. 

A number of r e f rac to ry coatings have been t r i ed , including 
coloidal graphi te , magnes ium-z i r cona t e , calc ia , thor ia , u ran ium oxide, 
z i rconia , and combinations of the above with colloidal graphi te . The mos t 
sa t i s fac tory of these has been a d i spers ion of thor ia in a dilute colloidal 
graphi te-e thyl alcohol suspension. Thir ty to forty per cent of the solid 
m a t e r i a l can be finely divided (40/i) Th02. This m a t e r i a l was doctored onto 
the inside of the tubes by means of a pipe c leaner swab. The alcohol was 
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Figure 5« Prototype of Injection Casting Equipment 
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TABLE I 

Data On Seventeen Experinaental Runs To Study Effects Of 
Casting Variables On Lengths Of Castings 

Melt No Jfc. V J ^ *= . ' .AM ^ J . ^ ^ ^ * 

2 A 7 
1 C 3 

1A9 
lAlO 
1 C 5 
4 A 2 
2 C 2 
1C2 
2 C 3 

L 3 8 1 - 2 
5 A 3 
5 A 4 
5A2 

Mel t 
Temj). 
rc) 
1275 
1275 
1275 
1275 
1275 
1275 
1275 
1265 
1350 
1285 
1285 
1285 
1300 

O p e r a t i n g V a r i a b l e s 

Log Moan 
Mold T e m p . 

("C) 

4 0 0 
380 
360 
360 
360 
370 

320 
2 5 0 
4 0 0 
610 
4 6 0 
580 
340 

In i t i a l 
Caciting 

P r e J.'jure 
( p j i a ) 

35 
4 0 
45 
75 

75 
75 

75 
55 
75 
75 
75 
75 
73 

P r e s s u r i z i n g 
T i m e 
(sec) 

1 
1 
1 
1 

5 
5 
3 
1 

5 
3 .5 
4 
3 .5 
5 

b t a t i s t i c 

n 

5 

10 
15 
15 

5 
15 
15 
20 
15 
18 
13 

4 

X 

(in.) 

13.1 
12.0 
12.3 
16.8 
10.6 
12.0 
13.0 
14.1 
10.4 
13.8 
12.0 
15.8 
15.5 

a l ( l ) 

s 
(in.) 

1 
- -

3.0 
0 . 8 
1.1 

1.0 
1.6 
3 .3 
1.0 
1.0 
3 .0 
1.8 
1.5 

Number of castings 

Average length of casting 

Standard deviation of length distr ibution 

removed by oven drying at low t empera tu re . Bake-out under vacuum 400° 
to 500°C pr io r to casting was very important to el iminate the las t t r a c e s 
of mois tu re . It was possible by this method to produce very smooth, thin, 
adherent coatings. 

Enriched Uran ium-F i s s ium Specimens; Two cas t s of 25 pins 
each were made using 10% U^̂ ^ enriched U-5% Fs alloy to provide both full 
size fuel e lements and snaall samples for in-pi le i r rad ia t ion s tudies . The 
computed composition and casting conditions a r e shown in Table II. 
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T A B L E II 

C h a r g i n g And C a s t i n g Data . In jec t ion C a s t Hea t 1E2 

Tota l weight of m e t a l c h a r g e d : 2849-796 g 

C a l c u l a t e d C o m p o s i t i o n of Charg* 

Z r 

0.06 

N b 

0.01 

M o 

2.48 

R u 

1.97 

2 (w/o) 

R h 

0.Z9 

P d 

0.19 

U235 

1 0 . 0 0 

U238 

B a l a n c e 

T e m p e r a t u r e s (°C) 

Me ta l (when cas t ) 
M o l d s , Top 

B o t t o m 

1330 
334 
600 

P r e s s u r e s 

In i t i a l Tank 
F i n a l F u r n a c e 
P r e s s u r i z i n g T i m e 

45 p s i a 
25 p s i a 

Z s e c o n d s 

C a s t i n g L e n g t h , A v e r a g e (in.) 

24 C a s t i n g s O v e r 
1 C a s t i n g 

C a s t i n g s Weight 

C r u c i b l e Heal (Remei t ) 

16.04 

15.00 
13.44 

1930.71 g r a m s 

919.07 g r a m s 

A c o m p l e t e t abu la t i on of w e i g h t s , dens i t i e s^ h a r d n e s s , and 
d i m e n s i o n s of 25 p ins f rom the f i r s t e n r i c h e d b a t c h (1E2) i s p r e s e n t e d 
in T a b l e III to i n d i c a t e v a r i a n c e . A p h o t o g r a p h of the p i n s i s shown in 
F i g u r e 10. F i g u r e 11 shows s u r f a c e s p r o d u c e d by the g r a p h i t e - t h o r i a 
m o l d coa t ing . 

R e m o t e C o n t r o l P r o c e s s : The d e v e l o p m e n t of an in j ec t ion 
c a s t i n g m e t h o d h a s r e s u l t e d in a v e r y s i m p l e o p e r a t i o n a l s e q u e n c e c o n ­
s i s t i n g of (1) i n j ec t ion c a s t i n g , (2) m o l d r e m o v a l , (3) s h e a r i n g to l eng th , 
(4) we igh ing , and (5) d i m e n s i o n a l i n s p e c t i o n , A flow d i a g r a m of the p r o c 
e s s i s shown in F i g u r e 12. 



TABLE III 

P rope r t i e s And Dimensions Of Heat Number 1E2 

Pin No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Average 

Weight 
(grams) 

66.245 
69.130 
66.849 
68.832 
69.248 
69.445 
69.191 
69.415 
68.843 
69.345 
69.307 
68.157 
69.333 
67.027 
69.327 
69.523 
69.490 
68.824 
69.201 
69.279 
69.094 
69.011 
68.491 

(67.298) 
(58.603) 

68.977 

Diameter 
d (inches) 

0.1442 
.1415 
.1438 
.1439 
.1440 
.1440 
.1445 
.1440 
.1440 
.1439 
.1443 
.1440 
.1440 
.1441 
.1440 
.1444 
.1440 
.1439 
.1439 
.1442 
.1441 
.1443 
.1443 
.1445 

0.1445 

0.1441 

Length 
(inches) 

14.22 

\ "1 
(13.94) 
(12.00) 

Hardness , R Q 
Top 

46 
46 
44.5 
43.5 
46.5 
46.5 
45 
45 
42.5 
46.5 
45.5 
44 
46.5 
46 
44.5 
45.5 
46 
44 
43.5 
45 
43.5 
46 
46.5 
45 
43 

45.0 

Bottom 

44.5 
46.5 
47 
43.5 
43 
46 
42.5 
43.5 
42 
44 
47 
43.5 
40.5 
46.5 
44 
41.5 
45.5 
43 
45.5 
45.5 
46.5 
46 
47.5 
46.5 
41 

44.5 

Density 
(g/cc) 

18.286 
18.241 
17.747 
18.271 
18.276 
18.276 
18.193 
18.279 
18.287 
18.282 
18.301 
18.034 
18.279 
17.764 
18.288 
18.283 
18.290 
18.079 
18.304 
18.297 
18.291 
18.183 
18.020 
18.096 
18.294 

18.198 

Note: Indicated average weight applies to full length pins only. 

An injection casting machine has been designed for remote 
operation mock-up and is shown in F igure 13. The vacuum system and 
accumulator tank will be located in a sealed, lightly shielded container 
outside the p roces s cell wall. 
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106»315^ 3-X 

Figure H. Fuel Plns^ Heat lE2j, Showing Surface Conditions 
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Figure 13, Injection Casting Furnace for Remote Control CeU Mock-up 
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The glass molds have been successfully removed by pass ing the 
tubes and cast ings between a pai r of concave, toothed rol lss which b reak the 
glass into f ragments but allow the cast ing to p a s s through. 

It i s proposed that shear ing to length, weighing and inspection 
be c a r r i e d out on a simplified t ransfe r mechan i sm. P r e l i m i n a r y designs 
have been worked out on th ree t rans fe r mechanisnas using the inclined plane, 
the ro t a ry table and the belt . The s imples t is the inclined plane down which 
the cast ings rol l from station to station. 

3. P r o p e r t i e s of Uran ium-P lu ton ium-F i s s ium Alloys (R. J, Dunworth) 

A Vycor tube furnace^ 4" in d iamete r , was const ructed to make 
EBR-II fuel pins by the injection cast ing method. Some tes t pins of u ran ium 
and U-10 w/o F s were cast successfully into the Vycor tube molds . The 
graphite c ruc ib les were coated with a magnes ium-z i r cona te wash, and the 
Vycor tubes were coated with an Aquadag wash. Since both the crucible and 
the mold were at tacked by molten uran ium, thor ia powder (about 30 volume 
pe r cent) was added to both washes . The co r ro s ion was stopped or was 
considerably reduced by this addition. The solidus t e m p e r a t u r e was m e a s ­
ured approximately for the following two a l loys : U-10 w/o F s at 1000°C!, 
and U-ZO w/o Pu-10 w/o F s at 930°C. These values a r e very close to 
solidus t e m p e r a t u r e s repor ted for U-5 w/o Fs and U - 2 0 w / o Pus respec t ive ly . 
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III. ARGONNE LOW POWER REACTOR - ACTIVITY 4202 

1, Fue l P la te Evaluation (R. A. Noland, D. E . Walker) 

Evaluation of a smal l number of the subject fuel p la tes has been in 
p r o g r e s s during mos t of the pas t qua r t e r . The plates were made by com­
m e r c i a l suppl iers operating under development con t rac t s . They were 
fabricated by hot rol l cladding co res of a luminum-uran ium alloy with M-388 
aluminum alloy on all s ides . Nickel additions were made to the co re m a t e ­
r i a l to provide additional cor ros ion r e s i s t ance to high t empe ra tu r e (290°C) 
water . Boron in amounts approximating 0.5 w/o was also p re sen t in the 
c o r e s . Some of the plate co re s were made by a powder meta l lu rg ica l t ech­
nique, namelys cold p re s s ing followed by hot (600°C) rol l ing. The r e m a i n ­
der were produced by mel t ing, cast ing, and hot rol l ing. Among the i t ems 
for which these pla tes a r e being evaluated a r e ; 

1. Res is tance of cladding and core to co r ros ion by 290° C high-
puri ty wate r . 

2. Continuity of bond. 

3 . Conformity (external) with specified d imens ions . 

4. Surface appearance ; p r e sence of l aps , s e a m s , s c r a t c h e s , 
p i t s , e tc . 

5. Cladding th ickness . 

6. Core composit ion and homogeneity. 

7. Core shape and i t s symmet ry in r e spec t to the ent i re p la te . 
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IV. ADVANCED ENGINEERING AND DEVELOPMENT -
ACTIVITY 4530/4540 

1, Examination of EBR-I , Core II Meltdown 

a. Physica l and Metal lurgical Changes in the Damaged EBR-I 
Core ( J. H. Kittel) 

The damaged EBR-I , Core II was d i sassembled during the p r e ­
vious quar te r . F r o m observat ions and photographs made during d i sassembly 
operat ions (Figures 14 through 18), and from chemical , meta l lographic , and 
density m e a s u r e m e n t s , it has been poss ib le to r econs t ruc t the probable 
physical s t ruc tu re of the core after the meltdown. F igure 19 shows a p r e ­
l iminary drawing of the var ious a r e a s found in the co re , which var ied widely 
in density because of the development of a porous s t r u c t u r e . P r e sumab ly , 
the poros i ty resu l ted from NaK vapor in the molten fuel alloy. 

b. Metallographic Examinat ion of EBR-I Meltdown Specimens 
(F, L. Brown) 

The investigation of the EBR~I, Core II meltdown included m e t a l ­
lographic examination of m a t e r i a l from five zones of the fused c o r e . The 
specimens re ta ined foi examination a r e shown in F igure 20, in o rde r of in ­
c reas ing density, and were r e f e r r e d to as follows: (1) coa r se sponge 
mater ia ls (2) fine sponge mater ia l? (i) eutect ic ; (4) high-densi ty m a t e r i a l ; 
and (5) undissolved fuel s lugs . Two zones in pa r t i cu la r were noted as having 
a high degree of poros i ty . Examinat ion of sect ions at higher magnification 
disclosed poros i ty in all specimens except in the pa r t i a l ly dissolved fuel, 
as shown in F igure 21 . NaK alloy, entrapped in the p o r e s , stained and d i s ­
colored specimen s u l f a t e s during grinding, causing some difficulty in the 
p repara t ion p rocedure . 

P resupposed alloying of the u ran ium fuel with the s ta in less s teel 
jacketing m a t e r i a l and subsequent eutectic melt ing at a t e m p e r a t u r e below 
the melt ing point of uran ium was confirmed by the m i c r o s t r u c t u r e s . As 
shown in F igure 22., significant amounts of eutect ic were p re sen t in each 
zone. Consti tuents observed were s imi la r in appearance to the delta (U^Fe) 
and epsilon (UFex) phases in the u r a n i u m - i r o n sys t em. 

2, Graphi te-U02 Fuel E lements for the TREAT Reactor (J. H. Handwerk, 
R. C. Lied) 

The proposed TREAT reac to r is to be fueled with UO2 d i spe r sed in 
graphi te . The composit ion of this fuel has been suggested as e i ther 1 or 
2 w/o UO2 and the balance graphi te . The UOg will be d i spe r sed in the 
graphi te , and the graphite comipacts will be e i ther carbonized or graphi t ized 
depending on the fabricat ion to le rance which can be held. 



Figure 14. 

Cross-Section at Midplane of Damped EBR-1 Core, 
Illustrating Range of Porosity. 
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106-3100 
Figure I 5 . 

Bottom of Damaged EBR-I Core, after Removal 
of Part of the Lower Blanket. 
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Vertical Cross-Section of the Lower Half of the Damaged EBR-L 
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Figure 17» 

Upper Blanket Rods from the Damaged EBR-I, 
Illustrating Upward Flow of Molten Fuel Alloy. 
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106-3106 
Figure l 8 . 

Partially Dissolved EBR-I Fuel Slugs, Embedded in Solidified Fuel Alloy. 
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VERTICAL SECTION THROUGH DAMAGED E B R - I CORE 
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Figure 20. Specimens from EBR-I , Core II Meltdown. 
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A pre l iminary study of organic bond m a t e r i a l s for graphite powder 
has been initiated. F r o m this study it appears that graphite powder, 
bonded with organic res ins such as Bakelite or furfural alcohol, can be 
readi ly fabricated. This study will continue in an effort to de termine the 
best bond ma te r i a l . 

3. Nondestructive Testing (W. J, McGonnagle, W. N. Beck, C. J. Renken, J r . ) 

a. Ultrasonic Tests of Cylindrical Castings 

A t r ansmiss ion tes t was conducted on 14 cyl indrical uranium 
cast ings which a r e to be used in the manufacture of EBR-I , Mark III fuel 
e lements . The cast ings measured approximately 11" in length and 2" in 
d iameter , A t r ansmiss ion technique at a frequency of 1 megacycle was 
successfully used in the determination of shrink and porosi ty . 
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Figure 21^ Porosity in Meltdown Areas. 
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Figure 22. Eutectic Areas in Meltdowi SpeciiMns. 
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b. Ult rasonic Fluoroscopy Unit 

The n e c e s s a r y equipment is being p rocured for the completion 
of an ul t rasonic fluoroscopy unit. In this pa r t i cu la r design, two 4" x 4" 
ba r ium t i tanate t r a n s d u c e r s a r e used. The s i lver coating on one of the 
t r a n s d u c e r s is divided into a 196-segment mosa i c . The holders for the 
t r a n s d u c e r s have been made and the e lec t r i ca l connections to the mosa ic 
completed. In addition to at tempting a synchronized video sc reen image of 
the u l t rasonic energy, a mult iple neon light mosa ic will be considered. By 
this las t mentioned method, the output of each segment of the mosa ic will 
be amplified and made to opera te a min ia ture neon light. A ba t te ry of such 
lights will consti tute the r a s t e r . 

c, Eddy Cur ren t Test ing 

Development was continued on a dual channel, se lect ive eddy 
cu r ren t test ing sys tem for the m e a s u r e m e n t of the thickness of one meta l 
clad on another . This system, is able to undertake tasks which have p r e ­
viously been imposs ib le for eddy cu r ren t methods because of the effect of 
p robe - to -me ta l spacing. Measuremen t s of the average cladding thickness 
a r e made over an a r e a as smal l a s 0.02 square inch, which i s a cons ide r ­
able i inproveinent over other methods of nondestruct!vely measu r ing 
cladding th ickness , A further advantage is that it is poss ible to inspect 
the subsurface l aye r s of a meta l for voids, inclus ions , e t c . , without i n t e r ­
ference from surface conditions, since the ins t rument i s capable of au to­
mat ica l ly compensating for conditions on the sur face . This sys tem is 
designed for production appl icat ions. P r e s e n t plans a r e to use it to 
m e a s u r e the cladding thickness on the EBR-I , Mark III fuel e l ements . 

The permeabi l i ty of nickel i s influenced by the amount of cold 
work to which the meta l has been subjected. P r e l i m i n a r y studies were 
made to de te rmine the feasibi l i ty of d i rec t ly measu r ing the amount of cold 
work in nickel by means of eddy c u r r e n t methods . Specimens were 
s t r e s s e d in a tes t ing machine and the permeabi l i ty was indi rec t ly m e a s ­
ured by an eddy cu r r en t ins t rument . Diagrams much like the famiiliar 
s t r e s s - s t r a i n curves resu l ted which showed the e las t ic l imit , yield point 
and rup tu re . There is a possibi l i ty that these methods may be useful in 
determining di rect ly the in te rna l s t r e s s e s in nickel and possibly som.e 
s t ee l s . 

4 . Cor ros ion P r o p e r t i e s 

a„ Dynamic Cor ros ion Test Fac i l i ty (S. Greenberg , W. E . Ruther , 
J. E . Draley) 

A h igh - t empe ra tu r e , h i g h - p r e s s u r e dynamic co r ro s ion tes t 
facility has been under considera t ion since ea r ly Apr i l , 1956. Active design 
s ta r ted during late Spring of 1956, 



Construct ion and p rocurement of components has been c o m ­
pleted and the facility has been a s sembled and tes ted . Test ing of samples 
is expected to begin in the next q u a r t e r . 

Design conditions of the facility a r e i 

Maximum tempera tures 360°C 
Maxim.um p r e s s u r e ; 3000 psia 
Maximum flow r a t e ; 20 - 30 fee t / second (depending 

on number of samples tes ted) . 

Important fea tures of this facility, in addition to the max imum 
design condit ions, include: 

1. P r e s s u r i z a t i o n by means of a pis ton pump and back­
p r e s s u r e regula tor ins tead of the usual surge tank. This p rocedure allows 
for m o r e accura te control of dissolved const i tuents in the water . In addi ­
tion, the p r e s s u r i z i n g syste in doubles as the means for adding make-up 
solution. 

2, Sajaiple sect ions a r e removable (and therefore replaceable) 
while the sys tem is at operat ing t e m p e r a t u r e and p r e s s u r e . This will 
great ly reduce down t ime . In addition, the valving a r r angemen t n e c e s s a r y 
for th is operat ion p e r m i t s the use of four different veloci t ies s imultaneously. 

b . Cor ros ion -Res i s t an t Uranium Alloys (S . Greenbe rg , J . E . Draley) 

In an effort to show the exis tence of a cathodic second phase in 
as -quenched uranium alloys^ low-current^ s h o r t - t i m e plating of copper on 
samples i s being done. To date, r e su l t s have been e r r a t i c . Pla t ing can be 
made to take p lace nonuniformly, but r e s u l t s a r e not read i ly r ep roduc ib le . 
Study of the var iab les which affect plating behavior will continue. 

c. Co r ros ion -Res i s t an t Aluminum Alloys (W, E . Ruther , 
J. E . Draley) 

The emf of a pH-sens i t ive e lec t ro ly t ic cell was m e a s u r e d at 
elevated t e m p e r a t u r e s (to 300°C) using dilute hydrochlor ic and dilute p e r ­
chlor ic acids as pH s t anda rds . A smal l autoclave was modified to supply 
one insulated e l ec t r i ca l connection, a bayonet the rmocouple , and a method 
of introducing hydrogen ,gas. 

The cell used to m e a s u r e the pH was plat inized plat inum (H2) 
v e r s u s a s i l v e r - s i l v e r iodide e lec t rode . The two e lec t rodes w e r e separa ted 
by a diffusion b a r r i e r made from a Vycor tube with a bead of P y r e x fused 
in the bottom. On cooling, such a tube develops fine leakage paths due to the 



differential contract ion of the g l a s se s . A supporting e lect rolyte of 
0.01 mola r solution of po tass ium iodide was used in both compar tmen t s . 
The bayonet thermocouple (jacketed in Vycor for e lec t r i ca l insulation) was 
i m m e r s e d in the solution under tes t . 

The separa t ion of the two e lec t rodes i s n e c e s s a r y since s i lver 
ion is reduced to s i lver meta l by the hydrogen gas . This reac t ion takes 
place rapidly only at the plat inized plat inum. The accumulat ion of meta l l ic 
s i lver on the plat inum preven ts the des i red operat ion of the plat inum as a 
hydrogen e lec t rode . F o r the same r ea son the exper iments were per formed 
as quickly a s poss ib le . The total p r e s s u r e within the autoclave was ad­
justed to 200 psig hydrogen in excess of the water vapor p r e s s u r e at each 
t e m p e r a t u r e . 

To s tandardize the appara tus , solutions of hydrochlor ic acid 
made up to pH 3, 4 and 5 were tes ted . The emf - t empe ra tu r e curve obtained 
with pH 4 hydrochlor ic acid was rechecked with pH 4 pe rch lo r i c acid 
solution; good ag reemen t was obtained. 

The solution of in t e re s t , phosphoric acid, was then tes ted . On 
the HCl s tandard the pH 3.5 phosphoric acid (room t empe ra tu r e ) had a pH 
of 3.75, and the pH 4.5 (RT) phosphoric acid had a pH of 4.77 at 290°C. 

The purpose in making these m e a s u r e m e n t s was to have a 
bas i s for separa t ing the effects of anions and pH in the h igh - t empera tu re 
cor ros ion of aluininum al loys . Accordingly, a cor ros ion t e s t (alloy M-388) 
has been s t a r t ed in which the pH at 290° C is equivalent to pH 4.5 H3PO4, 
but whose phosphate concentrat ion (NaH2P04) is equivalent to pH 3.5 (RT) 
H3PO4. Also, another t e s t has been s t a r t ed in which the pH at 290° C is 
equivalent to pH 3.5 H3PO4 (RT) (using H2SO4), but the phosphate concen­
t ra t ion is equivalent to pH 4.5 (RT) H3PO4. The r e su l t s of these co r ros ion 
t e s t s (coupled with a knowledge of the co r ros ion r a t e s in pH 3.5 and pH 4.5 
H3PO4 solution) should p r e s e n t a quali tat ive p ic ture of the re la t ive i m p o r ­
tance of phosphate and hydrogen ions as inhibi tors at 290°C. 

The rma l Stability of H3PO4; A boiling exper iment was p e r ­
formed to give p r e l i m i n a r y information a s to whether t h e r m a l decompos i ­
tion or volatil i ty would complicate the use of phosphoric acid solution in 
boiling r e a c t o r s . An e lec t r i ca l ly heated s ta in less s teel autoclave, 
6" I.D. X 18" ta l l , was half filled with solution and 2kwof heat supplied. At 
t e m p e r a t u r e (252°C|, 600 ps ia) t h e r m a l equi l ibr ium was es tabl i shed by 
bleeding and condensing the s t eam at the r a t e at which i t was produced. 
The condensed s team was tes ted for pH and re s i s t iv i ty . This t he rma l 
equi l ibr ium condition was maintained for about 30 minu tes . At the end of 
this pe r iod the s team bleeding was stopped and the autoclave was maintained 
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at 250°C for an additional 4 hour s . This was done to see if poss ible t h e r ­
mal decomposit ion of the phosphoric acid produced any volatile components . 
The s team was again bled at the equil ibrium ra te to dist i l l these compo­
nents if p resen t . The r e su l t s of the H3PO4 exper iment a r e p resen ted in 
Table IV. 

TABLE IV 

Condensate from pH 3.5* H3PO4 (250° C, 600 ps ia) . 

Tes t 

Initial Equi l ibr ium 

After 4-|-hours at 250° C 

Rate 
(Ib/hr) 

3.6 

3.6 

pH 

5.7 

5.7 

Specific Res i s t ance , 
ohm-cm (20° C) 

1,300,000 

1,300,000 

Measured at room t empe ra tu r e 

A previous 1-hour run with dist i l led water produced a gradual 
cleanup of the sys t em, with a t e rmina l value of 450,000 o h m - c m specific 
r e s i s t ance and pH of 5.5. Measurements of the f i r s t dis t i l la te with the 
H3PO4 solution showed essent ia l ly these same n u m b e r s . Within 15 minutes 
the specific r e s i s t a n c e had exceeded 1 megohm, indicating that the cleanup 
was completed. Fo r the next 15 minutes the values shown in the table for 
initial equi l ibr ium were obtained. 

The data indicate that the re la t ive volati l i ty of H3PO4 is ve ry 
low under these operat ing conditions and that thernaal decomposit ion to 
volatile products does not occur in this length of t ime . 

Unfortunately, the autoclave avai lable did not adequately 
r e p r e s e n t a scale-down of EBWR. F o r example , at 60,000 I b / h r , the EBWR 
has a s team l ibera t ion r a t e in the vesse l of about 50 pounds pe r minute pe r 
square foot of w a t e r - s t e a m in ter face . The autoclave used provided a r a t e 
of only 0.3 in the same uni ts . Due caution should therefore be used in e x t r a p ­
olating the boiling autoclave data to EBWR. 

d. Cor ros ion of Magnesium (W. E. Ruther , J . E . Draley) 

Due to the poss ib le use of magnes ium as a cladding m a t e r i a l in 
a new r e a c t o r (Mighty Mouse) a few p re l im ina ry t e s t s have been made with 
dis t i l led water in smal l nonrefreshed autoc laves . The r e s u l t s a r e p r e s e n t ed 
in Table V. 



TABLE V 

Corros ion of Magnesium 

Tempera tu re 
(°C) 

120 
135 
150 

Time 
(days) 

2.9 
5.0 
2.7 

Average Rate of Metal Weight L o s s , 
mg/dm^-day (mdd) 

High-Pur i ty Mg 

Disintegrated 

Disintegrated 

Alloy FS- la 

74 
450* 

1400* 

Alloy P E 

67 
380 

1500 

FS- la - 3% Al, 1% Zn, 0.2 - 0.4% Mn 
P E - 3.2% Al, 1.0% Zn, 0.10% Mn 

* - Edge pitting noted 

The water in autoclaves had a pH of about 10 at the conclusion 
of the t e s t s . In the ca se of the a l loys , the cor ros ion proceeds in a uniform 
fashion over the face of the sample . Some tendency to pit was noted on the 
edges of the FS- la spec imens . The high-puri ty magnes ium dis in tegra tes 
so rapidly that it has not yet been observed in the par t ia l ly corroded 
condition. 

5. Examination of Fai led Zirconium I r rad ia t ion Capsules (F . L. Brown) 

Cyl indr ical , NaK-filled z i rconium i r rad ia t ion capsules (fabricated 
of Grade III z i rconium), which suddenly broke open during decanning ope ra ­
tions following i r rad ia t ion in the MTR, were examined in an effort to d e t e r ­
mine the role of i r r ad ia t ion in these unexpected fa i lures . The capsules had 
been exposed to a the rmal nvt of 2.3 x 10 . 

Normal ly , the capsules a r e readi ly opened by machining a c i r c u m ­
ferential groove near one end. The subject capsu les , however, r equ i red 
ex t reme cutting tool p r e s s u r e s , whereupon t r a n s v e r s e br i t t l e rup ture 
occur red in locations away from the machined groove, 

Macroexaminat ion of two of the failed capsules d isc losed m a r k e d 
distort ion of capsule wal ls , and bend t e s t s of the m a t e r i a l (compared with 
uni r rad ia ted ma te r i a l ) d isclosed no signal differences in ductility. Mic ro -
s t ruc tu res a lso failed to revea l any c l ea r - cu t indications of i r rad ia t ion 
damage, and mic roha rdnes s t e s t s d isc losed the i r r ad i a t ed m a t e r i a l to be 
somewhat softer than the un i r rad ia ted compar ison m a t e r i a l . The m i c r o -
s t ruc tu re is shown in F igure 23. 



Figure 23. Photomicrograph of Fai led Zirconium Capsule 
Mater ia l . 

Micro 21340 Polar ized Illumination 100-X 

143 DPH 

Based on pos t i r radia t ion examination of the ma te r i a l , it i s con­
cluded that the apparent br i t t leness of the i r r ad ia ted metal i s at l eas t 
largely due to the fact that it i s Grade III z i rconium, i .e . , it contains i m ­
pur i t ies which make it unsuitable for r eac to r application. 



V PRODUCTION, TREATMENT, AND PROPERTIES OF MATERIALS -
ACTIVITY 5410 

1. Elas t ic Constants of Alpha-Uranium. Single Crys t a l s (E, S, F i s h e r , 
L 7 T . Lloyd) 

Longitudinal and shear u l t rasonic wave veloci t ies in th ree uran ium 
single c rys ta l s have been obtained from m e a s u r e m e n t s c a r r i e d out at the 
Bell Telephone Labora to r i e s in cooperat ion with H. J. McSkimin of the Bell 
Labora to r i e s staff. The th ree c r y s t a l s , each with 2 flat faces pa ra l l e l to 
one of the pr incipal c rys ta l p lanes , were p r e p a r e d as descr ibed in 
ANL~5709. The th icknesses and approximate l a t e ra l dimensions a r e l is ted 
in Table VI. 

TABLE VI 

Crystal Dimensions 

Crys ta l 

A 
B 
C 

Thickness 
(mm) 

2.9162 
3.9185 
2 7991 

La t e r a l Dim.ensions (Approx.) 
(mm) 

5.5 X 4.5 
el l ipse - 5 X 4.5 

6 x 4 . 5 

The appara tus for generat ing and detecting the high-frequency 
ul t rasonic wave fronts i s descr ibed by McSkimin and Bond,-*-'^ The t ech­
nique is especially/ designed for very smal l spec imens . Pulsed wave 
t r a ins f iom a l / Z " d iamete r quar tz t r ansduce r a r e t r ansmi t t ed through a 
2" long X l / Z " d iameter buffer rod. This rod is t apered at the specimen 
end to proidde a l / 8 " square , finely ground, flat surface to which one of 
the specimen faces i s sealed with a viscous fluid. 

The p a r t of the wave t r a in which is not ref lected at the speci inen-
seal interface propagates through the specimen in a d i rec t ion no rma l to 
the sealed face and i s ref lected at the opposite face. P a r t of the ref lected 
wave t r a in is t r ansmi t t ed back through the buffer rod and i s detected by 
the quar tz cr-ystal from which the waves or iginated. The resul t ing e l e c ­
t r ica l signal is amplified, rectif ied and po r t r ayed on an osci l loscope 

I 
McSkimin, H J. . "Ul t rasonic Techniques Applicable to Small Solid 
Spec imens ," J. Acoust ical Soc. 22 413-418 (1950). 

McSkimin^ H. J. and Bond, W. L . , '^Elastic Moduli of Diamond," 
Phys . Rev. 105, 116-121 (1957). 



sc reen . The wave t r a in remaining in the specimen t r ave l s with charac~ 
t e r i s t i c velocity between the opposite faces . At ce r ta in frequencieSj 
twice the specimen thickness is equal to an in tegra l number of wave 
lengths! this cor responds to a resonance condition. At these frequencies 
the t ra i l ing reflect ions rece ived at the detector will be an in tegra l num­
ber of wave lengths apar t and will give r i s e to a cha rac t e r i s t i c " in phase" 
osci l loscope pa t te rn . The wave velocity (V) is then determiined from the 
re la t ion! 

^ ^ 2t fn 

n 
where : 

t = thickness of the specimen 
fn = "in phase" frequency 
n = integer represen t ing number of wave lengths in 

where Af is the average frequency difference between success ive fn va lues . 

The wave velocity is re la ted to the e las t ic constants of the c rys t a l 
by the equation: 

V̂f 
where : 

c = some function of the e las t ic constants 
p = density. 

To de termine which fundamental e las t ic constants a r e involved in the 
factor c as a function of specimen or ientat ion with r e spec t to the p ropa -
gated waves , the theory of th ickness vibrat ions in infinite p la tes is used 
for smal l c ry s t a l s of the type studied h e r e . Because the specimens a r e 
not actually infinite p la tes , the m e a s u r e d velocity is affected by the l a t e r a l 
dimensions at low frequencies . F o r this reason it is n e c e s s a r y to m e a s ­
u re the velocity over a range of f requencies . As frequency i n c r e a s e s , the 
influence of the l a t e r a l dimensions becomes l e s s and the velocity approaches 
a lower l imit ing value asymptot ical ly . This asymptot ic value i s then used 
to calculate the e las t ic constants given by the theory. The wave veloci t ies 
in the p re sen t spec imens were m e a s u r e d over a range of f requencies from 
50 to 180 megacyc les . 

3 
Cody, Wal ter , P iezoe lec t r i c i ty , McGraw-Hill Book Co. , Inc . , New York, 
p . 55 (1946). 
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In this technique the p rec i s ion of the measu remen t s depends p r i m a ­
r i ly on the resolut ion of the osci l loscope pa t te rn into success ive peaks . 
Weak or dis tor ted signals will i nc rease the uncertainty in delineation of the 
"in phase" pat tern . These adverse conditions resu l t from absorpt ion or 
scat ter ing of pulse energy within the specimen or at the reflecting faces . 
The twin boundar ies , which were known to be p resen t in all t h r ee spec imens , 
were expected to be a major source of sca t te r ing . Because these bounda­
r i e s were p r i m a r i l y para l le l to | l30f planes the effect was expected to be 
most important in c rys ta l s A and B | in c rys ta l C the | l30|- boundaries a r e 
para l le l to the propagation direct ion. In line with expectations very l i t t le 
difficulty was experienced in determining the "in phase" frequencies for 
both longitudinal and shear waves in c rys ta l C. Reflections could be de ­
tected for frequencies up to 180 Mc, although the signals became weaker at 
the higher range . In c rys ta l s A and B fewer distinct reflections were r e ­
solved in an individual wave t ra in , making detection of the "in phase" 
condition more tedious; for these c rys t a l s no measu remen t s were made at 
frequencies above 80 Mc. 

The velocit ies calculated from the "in phase" frequency data for all 
th ree specimens indicate that the uncer ta in t ies in the measu remen t s were 
relat ively smal l . Maximum deviations from the leas t mean square fitted 
curves of velocity as a function of frequency were approximately 0.01% for 
all modes of vibrat ion. The velocity der ived from the 60-Mc frequency 
measu remen t s for all modes of vibration was approximately 0.03% higher 
than the corresponding minimum limiting velocity. These l imiting veloci­
t ies a r e l is ted in Table VII. Elas t ic constants C^ a r e calculated direct ly 
from the data and independently of each other . The theore t ica l X- r ay 
density of 19.04 g / c m ' (reported by Mueller) was used for the calculat ions. 

TABLE VII 

Elas t ic Constants Of Alpha-Uranium Single Crys ta l s In 
The Three Pr inc ipa l Direct ions At 25° + 0.02°C 

Crys ta l 

A 

B 

C 

Mode of 
Vibration 

longitudinal 
shear 
shear 

longitudinal 
shear 
shear 

longitudinal 
shear 
shear 

Direct ion of 
Propagation 

[100] 
[100] 
[100] 

[010] 
[010] 
[010] 

[001] 
[001] 
[001] 

Direct ion of 
Pa r t i c l e Motion 

[100] 
[010] 
[001] 

[010] 
[100] 
[001] 

[001] 
[100] 
[010] 

Velocity 
( cm/sec ) 

335,835 
197,585 
196,388 

322,942 
197,587 
255,514 

374,548 
196,350 
255,792 

Elas t ic Constants 

(Cii = P V ^ ^ y ' ^ ^ % 1 0 ~ " ) 
cm^ 

( p = 19.04 g/cm^) 

Cii = 2.14743 
Cii = 0.74332 
C55 = 0.73434 

C22 = 1.9857 
C66 = 0.74333 
C44 = 1.24307 

C33 = 2.67105 
Cjs = 0.73405 
C44 = 1.24779 
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The accuracy of the data is indicated by the ag reement between 
equivalent shear modes in different spec imens . Fo r example , in c rys t a l A 
the shear mode vibrat ing in the [010] direct ion should have the same velocity 
as the shear m.ode in c rys ta l B vibrat ing in the [lOO] di rect ion, since they 
both involve only the constant C^^; however, due to differences in specimen 
shapes and e r r o r s in aligning the c rys ta l axes normal to the propagation 
direct ion one might expect differences in these veloci t ies even with the 
mos t p r e c i s e data* The differences encountered a r e , however, very smal l 
compared to the deviations of other exper imenta l de terminat ions of e las t ic 
constants repor ted in the l i t e r a t u r e . The 2 values of C44 differ by 0,4%, 
the C55 difference is 0.04% and for Cgg the difference is 0.001%. 

Three c rys t a l s which a r e to be used for deriving the c r o s s constants 
C12. Ci3 and C23 (ANL-5709) a r e now being p r epa red . Each c rys t a l will have 
2 faces perpendicular to one of the pr incipal p lanes , but the no rmal s to 
these faces (the propagation direct ion) will be at some angle to the 2 p r i n c i ­
pal d i rect ions in that plane. 

2. Recrys ta l l iza t ion of Heavily Cold Rolled Uranium Sheet (W. R„ Yar io , 
L, T. Lloyd) 

The data repor ted in ANL-.5643 and ANL-5709 on the r e c r y s t a l l i z a ­
tion of heavily cold rol led uran ium sheet showed dist inct changes in mean 
expansion coefficient for specimens annealed for 15 hours at t e m p e r a t u r e s 
between 320° and 400°C, The change in coefficient was not a s imple func­
tion of the m e a s u r e d volume per cent r ec rys ta l l i za t ion . At low annealing 
t e m p e r a t u r e s and correspondingly low percen tages of r ec rys ta l l i za t ion the 
coefficient changed very l i t t le , whereas at higher t e m p e r a t u r e s and g r e a t e r 
percen tages of r ec rys ta l l i za t ion the change in coefficient was m o r e p r o ­
nounced. An additional specimen has now been annealed at 370°C for 
15 hours and, although it was 58% rec rys t a l l i zed , the expansion coefficient 
changed only slightly fronn the a s - r o l l e d value. These r e s u l t s suggest the 
possibi l i ty of a different r ec rys ta l l i za t ion mechan i sm operat ing at annea l ­
ing t e m p e r a t u r e s below 380°C than that above that t e m p e r a t u r e . 

Specimens annealed for varying per iods of t ime at 360° and 400°C 
were studied meta l lographica l ly . The annealing t imes along with the co r ­
responding volume pe rcen tages of r ec rys t a l l i za t ion a r e given in Table VIII„ 
The ex t reme heterogenei ty of deformed and annealed m i c r o s t r u c t u r e s in 
this m a t e r i a l has been noted previously (ANL-5623)s and further obse rva ­
tions will not be d i scussed in detail h e r e . The comments will be l imi ted 
to a pa r t i cu la r type of s t ruc tu re r ep resen t ing the l a r g e r por t ion of the 
r ec rys t a l l i z ed m a t e r i a l for each specimen. 

As shown in F igure 24, the re appear to be two rec rys t a l l i za t ion 
p r o c e s s e s operat ing. The re la t ive ly l a rge gra ins in the p r o c e s s of a b s o r b ­
ing ex t remely fine r ec rys t a l l i z ed gra ins appeared to varying degrees in al l 
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TABLE VIII 

Volumie P e r Cent Recrys ta l l iza t ion of Heavily Cold 
Rolled Uranium Sheet After Annealing 

Annealing Trea tment 

Time 

15 hours 
92 hours 

165 hours 
5 m.inutes 

15 minutes 
30 minutes 

1 hour 
15 hours 
92 hours 

Temp, °C 

360 
360 
360 
400 
400 
400 
400 
400 
400 

Volume P e r Cent 
Recrys ta l l iza t ion 

29, 26,* 30* 
74 
81 
36 
55 
67 
77 

97,^ 96,* 94,* 98* 
100 

Values de termined after test ing dilatation 
samples . 

the specimens except those annealed at 400°C for per iods of 15 hours or 
m o r e . F igu re 24-a is an ea r ly stage of the p r o c e s s , where the re is some 
unrecrys ta l l i zed ma te r i a l separa t ing the bands of fine r ec rys t a l l i z ed 
g ra ins . After 92 hours at 360°C some l a r g e r gra ins have appeared (Fig­
u re 24-b), and after 165 hours the p r o c e s s has neared completion, a s 
shown in F igure 24-c . The specimen annealed for 15 minutes at 400°C 
(Figure 25) showed the same type of a r e a s as did the specimens annealed 
for 5 and 30 minutes at 400°C. There is some evidence for preferen t ia l 
growth of the l a r g e r gra ins in F igure 25, because they have s imi la r tones 
of gray when observed in po lar ized light. 

The fine r ec rys t a l l i z ed g ra ins a r e believed to occur in a r e a s that 
were the most heavily deformed during rol l ing, for they a r e the f i r s t 
a r e a s to appear as r ec rys t a l l i z ed meta l in samples of low per cent r e ­
crys ta l l iza t ion . Subsequent to the i r formation, the l a r g e r gra ins grow 
within these a r e a s . These p r o c e s s e s appear to occur s imultaneously at 
both teroperatures? howevers the l a rge grain growth lags the formation 
of fine gra ins m o r e for the 360° C annealed samples than it does for the 
400°C annealed samples . 

F igure 26 is a plot of volume p e r cent r ec rys t a l l i za t ion as a func­
tion of the logar i thm of annealing t ime for the 360° and 400° C annealed 
samples . The 400°C curve could be broken into two segments with a d i s ­
continuity occur r ing at approxim.ately 5 hou r s , and a s imi l a r phenomenon 
may occur for the 360° C curve . This again suggests the occu r rence of two 
rec rys ta l l i za t ion p r o c e s s e s . 
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Figure 2k. Heavily Cold Rolled Uranium a e e t Aimealed a t 360®C for Various 
Periods of Tlme« 

2U-a« Annealed 15 Hours 24-13. Aimealed 92 Hours 

Micro 213I+7 fficro 21324 P.L. too-x 

24-c« Annealed I65 Hours 

" ^ ^ 

.-*.̂  

Micro 21434 P.L. 400-X 
% 
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Figure 25« Heavily Cold Rolled Uranium Sheet Annealed 
for 15 Minutes at 400"C, 

""Sal 
Micro 21381 P.L» 1000-X 

Figure 26. Vol-ume Percent Recrystal l izat ion of Heavily Cold Rolled Uranium Sheet 
as a Funetion of the Logarithm of Annealing Time a t 360° and 400"C. 
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If the occu r rence of two rec rys ta l l i za t ion p r o c e s s e s is accepted it 
is probable that the formiation of the fine gra ins i s assoc ia ted with only a 
smal l change in mean expansion coefficient and, there fore , with l i t t le or no 
texture change, whereas the growth of the l a rge r gra ins is re la ted to a 
g rea te r change in mean expansion coefficient and a g rea t e r tex ture change. 
This problem can be clarified by studying the mean expansion coefficients 
of samples annealed for long per iods of t ime at low annealing t e m p e r a t u r e s 
and samples annealed for shor t per iods of t ime at high annealing t e m p e r a ­
t u r e s . These exper iments a r e being per formed. 

3. Self-Diffusion in Uranium (S. J. Rothman, L. T. Lloyd) 

Attempts to m e a s u r e the self-diffusion coefficients of po lyc rys ta l -
line uranium in the alpha or gamma phases have so far been unsuccessful . 
The exper imenta l difficulties that have been encountered a r e d i scussed 
below. As the a lpha-phase diffusion coefficient is expected to be seve ra l 
o r d e r s of magnitude sma l l e r , and therefore m o r e difficult to m e a s u r e 
than that near the top of the gamma phase , work on diffusion in the alpha 
phase has been t empora r i ly discontinued until r e s u l t s a r e obtained in the 
gamma phase . 

The long-tiixie diffusion exper iment m.entioned in ANL-5709 has 
been te rmina ted . The quar tz capsule had slagged onto the nickel block 
and broke when the specimen was being removed froixi the furnace. F u r ­
ther a t tempts to produce a sample for diffusion by sput ter ing have r e ­
sulted in oxidation of the sample surface.* 

Oxidation of e i ther the sample or the sput tered meta l could easi ly 
cause the " b a r r i e r l aye r " mentioned in ANL-5709. Therefore every 
at tempt has been made to e l iminate this contamination. The ent i re sput­
ter ing sys tem has been leak hunted, the pumps have been cleaned, and the 
las t two e lements on the gas t r a in have been changed. Notwithstanding 
th is , the sput tered l aye r s still oxidized during deposit ion. 

Var ia t ions were then made in the sput ter ing routine„ It was ob­
served that if the U^̂ ^ cathode was cleaned by ionic bombardment for 
about 5 - 1 0 minu tes , it became discolored . It i s not known whether the 
cathode i tself oxidizes , or whether m a t e r i a l that has been sput te red off 
oxidizes and diffuses back to the cathode. F u r t h e r bombardment , for 
about a half-hour , c leans the cathode. As the cathode had been cleaned 
for much shor te r t imes in previous runs , a b a r r i e r l aye r may well have 
been deposited onto the specimen. 

* Oxidation a s used he re includes surface reac t ion with ni t rogen or 
any other gas . 
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One sputter ing exper iment has been c a r r i e d out in which the 
cathode was given a thorough p re l imina ry cleaning. To avoid surface 
roughening of the specimen (see below), the sput ter ing c u r r e n t was cycled 
up and down during U deposition. The sample d iscolored when the c u r ­
rent was lowered, but cleaned when the cu r ren t was r a i s ed high enough. 
P re sumab ly , gases a r e r e l eased from the cathode and other objects which 
a r e heated or bombarded. F u r t h e r exper iments a r e being run to see if 
oxidation can be avoided. 

Surface roughening of the sample was mentioned briefly in ANL-5709. 
Recently it was observed that this deformation takes place during deposition 
by sput ter ing. An exper iment with a thermocouple inside the specimen has 
shown that i ts t empe ra tu r e may r i s e to450°C when the specimen is grounded 
(the posi t ive t e rmina l of the power source is a lso grounded). However, if 
the specimen is allowed to float, i . e . , it i s not grounded, i ts t e m p e r a t u r e 
does not r i s e above about 270° C for the same c u r r e n t , and the surface i s not 
roughened badly. This i s undoubtedly due to the el imination of the e lec t ron 
bombardment that every grounded object in the bell j a r mus t undergo. 

It s eems reasonable that the specimen should be subjected to the 
same intensive cleaning as the cathode. This has not been done in the past 
and may also be a cause of the " b a r r i e r l a y e r . " It i s questionable whether 
the specimen can be bombarded for half an hour without roughening or 
etching. 

4. The Uran ium-Carbon System (B. Blumenthal) 

Work on this p r o g r a m during the pas t qua r t e r has been concerned 
with the determinat ion of the t ransformat ion t e m p e r a t u r e s of U-C a l loys . 
Because the U-UC sol id- to- l iquid t r ans format ion t e m p e r a t u r e is believed 
to be ve ry near the mel t ing point of pu re u ran ium, i t was n e c e s s a r y to r e ­
de te rmine the l a t t e r with the same equipment to es tabl i sh a re l iab le r e f e r ­
ence point. P a s t works of Dahl and Cleaves'* and Blumenthal^ have shown 
the alloy composit ion to change with consecutive t h e r m a l ana lyses . To 
overcome this difficulty it was n e c e s s a r y to make repea ted m e a s u r e m e n t s , 
i .e . , cycle the meta l around the mel t ing point r ange . 

Appara tus ; The appa ra tus , built to p e r m i t repea ted t h e r m a l ana ly­
ses at p r ede t e rmined var iab le r a t e s , cons is t s of a Globar r e s i s t a n c e 
vacuum furnace control led by a Minneapolis-Honeywell pneumat ic con t ro l ­
l e r . The p r o g r a m control is imposed by a cam cut to suit the des i r ed 
cycling pa t te rn . The furnace has a low heat capaci ty so that i t follows the 

Dahl and Cleaves , J . R e s e a r c h , Natl . Bur . Stds, 43 , 513-517 (1949). 

Blumenthal , B . , ANL-5349. 
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prede te rmined cycle with li t t le lag. It is heated by two separa te se ts of 
d e b a r s , one providing the manual ly adjusted base load (about 2 /3 of the 
total) and the other the control load. The 6" vacuum sys tem has been 
desc r ibed prev ious ly ," 

The uran ia crucible with the meta l and the theri-nocouple in i ts 
center i s suspended in the furnace and the thermocouple is pro tec ted by 
a uran ia tube . Suitable precaut ions a r e taken to shield the cruc ib le with 
the mel t from the cold sect ions of the furnace tube and es tab l i sh a uni­
form t e m p e r a t u r e gradient around the mel t . In spite of the sensi t iv i ty 
of the uran ium re f r ac to r i e s to t h e r m a l and mechanical s t r e s s e s the 
a r r angemen t proved to be highly successful provided the sy s t em was not 
cooled to room t empe ra tu r e during an exper imenta l run . Up to eight 
cycles have been made without failure in a range of + 40*'C around the 
melt ing point in a per iod of 32 hou r s , A p r e s s u r e of 5 to 7 • 1 0 ~ ' m m H g 
was inaintained throughout each s e r i e s of cycling expe r imen t s . 

The t e m p e r a t u r e is r eco rded by a specia l ly built Leeds - Nor thrup 
Speedomax r e c o r d e r with a span of 3 mil l ivolts and ranges beginning at 
0, 2.5, 5, 7.5 and 10 mv. Its sens i t iv i ty is ± 0.003 mv and i ts e r r o r is 
within ± 0.009 rnv when ca l ibra ted against a Rubicon p rec i s ion potent i ­
ome te r . The Pt-10% R h / p t measur ing thermocouple was ca l ib ra ted 
against a s tandard thermocouple -which had been ca l ib ra ted by National 
Bureau of Standards and r epor t ed to have an uncer ta in ty of 0,3*Cat l l O C C . 
Cal ibrat ions were made before and after each run or group of r u n s . The 
p rec i s ion of these ca l ibra t ions was +0 .003 mv. Repeated m e a s u r e m e n t s 
of the same t rans format ion on e i ther heating or cooling -were made with a 
p rec i s ion ranging from 0,002 to 0,007 mv (s tandard deviation) 

The Melting Point of Uranium Dahl and Cleaves^ have de te rmined 
the solidification t e m p e r a t u r e of u ran ium, apparent ly on a re la t ive ly pure 
biscui t meta l of low carbon content, and found it to be 1132° ± 1°C, They 
used an optical inethod and mel ted in an ine r t a tmosphere in a va r i e ty of 
crucible m a t e r i a l s , Baumrucke r and Chiswik'^ de te rmined the t r a n s f o r m a ­
tion t e m p e r a t u r e s on h igh-pur i ty u ran ium using u ran ia c ruc ib les in vacuo. 
Thei r data, however , were too low., due to an e r r o r in the thermocouple 
ca l ib ra t ion ,° the c o r r e c t e d data9 a r e given in Table IX, 

'Blumenthal, B . , ANL-5019. 

J . E. Baumrucker and H, H. Chiswik, ANL-5036; also BMI-1000. 

J . E. Baumrucke r , P e r s o n a l Communicat ion, 

B. Blumenthal , P e r s o n a l Communicationo 



TABLE IX 

Melting Point of Uranium 

Invest igator 

Dahl and Cleaves 

Baumrucker and Chiswik 

P r e s e n t Work (Blumenthal) 

Transformat ion T e m p e r a t u r e , °C 

-y — ^ liquid 

1131.8 ± 0.5 

1131,8 ± 0.4 

liquid ^ -y 

1132 ± 1 

1132.1 ± 0.5 

1133.0 ± 0.4 

Mean of Melting 
and F reez ing 

1132.4 ± 0.6 

Two ingots of high pur i ty u ran ium were studied; the r a t e s of both 
heating and cooling were 0.74°C/minute, Good a r r e s t s of about 22-minute 
durat ion were obtained during the seven cycles made on each ingot. The 
c o r r e c t e d mean t r ans fo rmat ion t e m p e r a t u r e data a r e given in Table IX. 
They a r e in excellent ag reemen t with those by Dahl and Cleaves, and the 
c o r r e c t e d data by Bauinrucker and Chiswik, It is worth noting that no 
supercooling phenomena were obse rved and that the freezing point data 
a r e sl ightly higher than those for the melt ing point. The r e a s o n for the 
l a t t e r is not known; however , it may be explained by the p r e s e n c e of a 
tenapera ture gradient between the melt and the thermocouple which is 
shielded by a r a the r poor ly conducting r e f r ac to ry . This t e m p e r a t u r e g r a ­
dient p e r s i s t s throughout the long a r r e s t s and causes the m e a s u r e d t e in -
p e r a t u r e to be lower during heating and higher during cooling. Assuming 
that the gradients a r e the same on heating and cooling, it is p e r m i s s i b l e to 
take the mean value of the melt ing ajid freezing t e m p e r a t u r e s for the t rue 
sol id- l iquid t r ans fo rmat ion point. 

The Eutect ic T e m p e r a t u r e of the U-UC Alloys: One s e r i e s of 
6 cycles has been made so fa r . The m a t e r i a l was h igh-pur i ty u ran ium, 
induct ion-mel ted at 1400°C in a h igh-pur i ty graphi te c ruc ib le , and cas t in 
a wa te r -coo led copper mold. No carbon analytical data were obtained to 
date , but the m a t e r i a l was p r e p a r e d to contain at l eas t s e v e r a l hundred ppm 
of carbon. The f i r s t two cycles gave ve ry sa t i s fac tory a r r e s t t e m p e r a t u r e s 
of about 22-minute durat ion, both on melt ing and freezing, at a r a t e of 
0 .74°C/minute. On subsequent cyc les , however , the cu rves began to assume 
a slope and the a r r e s t t e m p e r a t u r e became l e s s dis t inct , although the mid­
point of each sloping a r r e s t could st i l l be m e a s u r e d . This i s due to the 
composi t ion changes during the exper iment- The data a r e l i s ted in 
Table X. The one set of data obtained to date shows that the U-C sys tem is 
a eutect ic sys tem with a eutect ic t e m p e r a t u r e at 1116.6°C. This t r a n s f o r m a ­
tion point falls cons iderably lower f rom the melt ing point of pure uraniuna 
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TABLE X 

Eutectic Tempera tu re Measurements Of Uranium-Carbon Alloy 

Ingot Number 

B723 

Cycle 
Number 

I 
II 

III 
IV 
V 

VI 

Mean of I and II 
Mean of I to VI 

Correct ion for: 
Thermocouple 
Inst rument 

Eutectic Temp: 
from I and II 
from I to VI 

Mean of Melting 
and Freez ing: 

I and II 
1 I to VI 

EMF 1 
in Millivolts (Pt-10% R h / P t Thermocouple) 

Melting 

10.896 
10.894 

10.880 
10.874 
10.896 
10.883 

10.895 
10.887 

-0.0056 
+0.0464 

Freez ing 

10.899 
10.897 

10.888 j 
10.912 
10.897 
10.900 

10.898 
10.899 

-0.0056 
+0.0489 

(in °C) 

1116.4 
1116.1 

1116.9 
1116.9 

1116.6 t 0.2 °C (standard deviations) 
1116.5 t 1.1°C 

than was anticipatedi the data need further confirmation. It is intended to 
do this by cycling a high-puri ty mel t in a graphite crucible , thereby i n c r e a s ­
ing ra ther than decreas ing the carbon concentrat ion during the rmal ana lys is . 

Extrapolat ion of the previously determined liquidus curve to the 
eutectic t empera tu re of 1116.6°C yields a eutectic concentrat ion of 160 ppm 
by weight, or 0.32 atomic per cent. 

The -J- - p Transformat ion of Uranium: The usefulness of the appara ­
tus in the above exper iments suggested its application to the solid state 
t ransformat ions in the u ran ium-carbon sys tem. To es tabl ish a re ference 
point, the ix. - f t ransformat ion of the pure meta l was rede te rmined . The 
ingots were left in the crucible after nnelting point determinat ions and the 
sys tem brought slowly to the des i red t empera tu re level . The cycling 
s t r e s s e s eventually cracked the crucible during the las t cycle in the solid 
s tate . 



Nineteen cycles were made on high-puri ty ingot B724 at r a t e s 
ranging from 0 .5°c /minu te to 2 ° c / m i n u t e , The data a r e l is ted in Table XI. 

TABLE XI 

Alpha-Beta Transformat ion Tempera tu re s of 
High Pur i ty Uranium (ingot B724) 

Heating or 
Cooling Rate 
(°C/rQinute) 

2 
1 
0.67 
0.5 
0.5* 

Correc ted Mean Transformat ion Tempera tu re (°C) 

Heating 

672.3 
671.7 
671.4 
671.5 
671.9 

Cooling 

661.3 
662.1 
663.1 
663.0 
662.6 

•Direct potent iometr ic measurement 

Both supercooling and superheating occur red . The la t ter became evident 
when, after the las t automatic cycle, d i rec t potent iometr ic measu remen t s 
were made by means of a Rubicon potent iometer and a galvanometer . 
The spread between heating and cooling decreased from 11.0° to 8.5° C as 
the ra te dec reased from 2 to 0.5° per minute . A plot (Figure 27) of the 
t ransformat ion t empe ra tu r e s ve r sus the logari thm of the ra te indicates 
that the p resen t data form a sat isfactory continuation of Duwez^O data for 
high-puri ty uranium obtained at much higher r a t e s of cooling. The left end 
of the curve may reasonably be considered to be a s traight l ine. Applica­
tion of the method of leas t squares to the heating and cooling r a t e s of 
p resen t data yields the functions; 

Tj^ = 671.8 + 0.064 log r 

T -̂. = 662.2 - 0.151 log r 

where T and T a r e the t ransformat ion t empe ra tu r e s in °C on heating and 
cooling, respect ive ly , and r the r a t e of heating or cooling in °C /minu te . 
The two l ines in te r sec t at 669.0^0 which may be regarded as the equil ibrium 
t empera tu re of the alpha-beta t ransformat ion of high puri ty uranium. Similar 
exper iments on U-C alloys will be made . 

10 P . Duwez, J. Applied Physics 24, 152-156 (1953). 
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Figure 27. Effect of Heating and Cooling Rates on tt 
of High-Puri ty Uranium. 

Transformat ion 

7 0 0 

o 
o 
I 

01 600 
UJ 
o. 

- 6 6 9 ' 

500 tt: o 
u. 
CO 

< 
(X. 

I 

•« 4 0 0 
10 

HEATING"! BLUMENTHAL 
• COOLING_J 

o COOLING - DUWEZ 

^-2 10''- io° ' 10° lo ' 10^ ID-

COOLING OR HEATING RATE-*'C/SEC 

10" 

Macro 21439 

5. Phase Diagrams of Uran ium-F i s s ium Alloys (A. E . Dwight) 

Uranium.-Ruthenium. System; The section of this binary d iagram 
from 20 to 50 w/o Ru was investigated and the r e su l t s a r e shown in F i g ­
ure 28. Six in te rmeta l l ic compounds have been found whose composit ions 
appear to coincide with the formulas U2RU, URu, U3RU4, U2RU3, U3RU5 and 
URU3. Diffraction pa t te rns have been obtained for UgRu, URu and U3RU4. 
The s t ruc ture of URU3 has been repor ted as the LI 2 type by other inves t i ­
g a t o r s . H The eutectoidal decomposit ion of U3RU5 is quite sluggish. 

Uranium-Molybdenum System; The lat t ice p a r a m e t e r of the 7 phase 
as a function of molybdenum content is being investigated. Small specimens 
(<1/16" thick) of six alloys naade from high-puri ty uranium were quenched 

T. J. Heal and G. I. Wil l iams, Acta Crys t . 8, 494 (1955). 
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Figure 28. Uranium-Ruthenium Constitution Diagram from 
20 to 50 w/o Ruthenium. 
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from the 7 range. Latt ice p a r a m e t e r s were obtained with a back-
reflection c a m e r a . Data a r e shown in F igure 29. Data from ea r l i e r inves ­
tigations a r e also shown for compar ison. The data obtained in this cur ren t 
work extrapolate to 3.495 A for pure 7 uranium, a value higher than the 
3.476 A obtained by extrapolation of the ea r l i e r data. A metal lographic 
study of the uranium-molybdenum diagram up to 10 w/o Mo has been 
s tar ted . 

Uranium-Ruthenium-Molybdenum System; Metallographic examina­
tion of eleven t e rna ry alloys has produced the tentative vers ion of the 
u ran ium- r i ch corner of the 660° C i so thermal section shown in F igure 30. 
The eutectoid valley originating at U-2 w/o Ru and 710°C descends quite 
steeply with small molybdenum additions. 
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Figure 29. Latt ice Parameters of the 7 Haase in the IJranium-Moly-bdeman System. 
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6, Corros ion Mechanisms 

a. Low-Tempera tu re Aqueous Cor ros ion of Aluminum (S. Mori , 
J. E . Draley) 

The long - t e rm cor ros ion t e s t s of 1100 aluminum in dis t i l led 
water and in dilute po tass ium sulfate solutions at 50° and 70°C will be c o m ­
pleted in the next few months? the total t es t durat ion will be near ly 1000 days . 
F r o m the p resen t data it appears that co r ros ion in dist i l led water proceeded 
at a continuously decreas ing r a t e for the ent i re t es t per iod. Between ten 
days and perhaps 600 days, the gain in weight of samples is given by the 
following equation; 

AW = atl3 

where a is about 70 and b is about 0.026, when AW is in mg/dm^ and t i s 
in days . Near ly the same constants were obtained, independent of t e m p e r a ­
tu re (50° or 70° C) and of oxygen content (O2 sa tura ted or hel ium satura ted) 
of the wate r . As far as i s known, the value of the constant b is of a different 
o rde r of magnitude than has ever been observed in co r ros ion or oxidation 
where this type of r a t e law can be applied. Beyond a ce r t a in tes t per iod 
weight gains became e r r a t i c , pe rhaps indicating that the co r ros ion product 
was no longer f i rmly at tached. 

The m e a s u r e d pH in water adjacent to rapidly corroding a lumi ­
num has been shown to be sensi t ive to the t ime , the dis tance from the 
aluminum sur face , and the posit ion along the sample . In all c a s e s , the 
solution was alkaline close to the me ta l , reaching pH values from 7,8 to 
9.5 before dropping a s the co r ro s ion r a t e diminished. This study is being 
made in an effort to provide explanation of the fashion in which alurainum 
cor rodes in water and in dilute solut ions. 

b . Solution Potent ia ls of Aluminum (F.E. DeBoer„ J. E . Draley) 

F u r t h e r analys is of the re l iabi l i ty of the polar iza t ion curves of 
a number of me ta l s in boiling dist i l led water has revea led that the equip­
ment has not been giving re l i ab le values of low polar iz ing c u r r e n t s . I m -
proveinent in this r e g a r d mus t be made before data can be p r o c e s s e d . 

c. Zirconium. Cor ros ion Mechanism (R. D, Misch, F , H. Gunzel, 
J. E . Draley) 

Improvements have been made in the techniques for measu r ing 
film r e s i s t a n c e in vacuum at e levated t e m p e r a t u r e s . Using an e l e c t r o m e ­
t e r , the potential which exis ts na tura l ly a c r o s s the oxide film as produced 
is m e a s u r e d , which, when coupled with a m e a s u r e m e n t of the cu r r en t 
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through a known r e s i s t o r , provides a means of calculating the r e s i s t ance 
of the film. The potential r i s e s and the film res i s t ance drops with i n c r e a s ­
ing t empera tu re . In addition, more rapid heating of the sample to the 
measur ing t empera tu re is now poss ib le . 

Two t e rna ry alloys have been screened from a number of com­
positions which have theoret ical in te res t . The alloys a r e (1) 0.32 w/o Y, 
0,68 w/o Nb, and (2) 0,03 w/o Sc, 0.47 w/o Th. Both alloys have survived 
47 days in a s team tes t (400°C, 1500 psi s team) and have very good s u r ­
face films with low weight gains s imi lar to Zi rca loy-2 , 

7. Mechanisms of Sintering of Ceramic Mater ia ls (L. L. Abernethy, 
G. C. Kucyzynski* ) 

Sintering studies on AI2O3 single spheres in vacuum, helium and 
electrolyt ic hydrogen have continued. In all cases the tungsten hea te r s 
used had been previously degassed by heating at 2200°C in a vacuum of 
approximately 5 x 1 0 " m m Hg. The helium was purified by pass ing it 
through uranium turnings heated to 600°C, then through Linde Type 5-A 
Molecular Sieves, and finally through an activated charcoal t r ap cooled 
by liquid nitrogen. The hydrogen was purified by passing it through a 
De-oxo catalyst , followed by the Molecular Sieves and liquid nitrogen cold 
t rap . 

No sintering was observed for 15-mil spheres after heating for 
3 hours at 2025° C in purified helium. (The melt ing point of these spheres 
was observed to be 2040° - 2050°C,) The spheres developed into hexagonal 
bipyraraids during heating. Similar ly , no s inter ing occur red in 30-mil 
spheres heated at 1975°C for 72 hours in vacuum (2.5 x 10"'^ m.m Hg). 
Well-developed faces were observed on the spheres as shown in F igure 31 . 
The single c rys ta l spheres developed 24 faces, corresponding to second-
order hexagonal b ipyramids , modified by an additional set of hexagonal 
b ipyramids . 

1 

Figure 31 . 0.030" AI2O3 Sphere F i r ed for 
72 Hours at 1975°C in a Vacu­
um of 2.5 X 10" m m of Hg, 

Micro 21433 50-X 



In hydrogen, the s inter ing of AI2O3 has been observed at t e m p e r a ­
tu res as low as 1800°C. Our p re sen t in te rpre ta t ion of this effect is that 
hydrogen r eac t s with the very p u r e , single c rys t a l , a lpha-corundum spheres 
to form oxygen vacancies at the surface , thereby promoting s inter ing by 
volume diffusion. If s inter ing were a resu l t of contamination by tungsten 
oxide from the hea te r , or a reduction of AI2O3 by tungsten, s inter ing should 
a lso be observed in helium or vacuum. 

The inverse slopes of log-log plots of x / r * ve r sus t ime , as d e t e r ­
mined from p re l imina ry data, a r e approximately 3 for spheres heated in 
electrolyt ic hydrogen at 1825°, 4 at 1875°, and 5 at 1925°C| the mechan i sm 
of s inter ing of AI2O3 in hydrogen therefore appears to be that of volume 
diffusion modified by a second mechan i sm, i . e . , evaporation condensation 
or surface diffusion, which is responsible for the formation of the cyrs ta l 
faces . The operat ion of the auxi l iary mechan ism would seem to depend on 
the t empe ra tu r e and on the sphere s i zes . When higher t e m p e r a t u r e s or 
smal le r spheres a r e used, the growth of necks between spheres p roceeds 
rapidly and the formation of faces i s l e s s pronounced. At 1925°C5 for ex­
ample , the s inter ing of AI2O3 in hydrogen proceeds so rapidly that l i t t le 
deformation of the spheres was observed and the mechan i sm appears to be 
solely volume diffusion. Because of the formation of c rys t a l faces at lower 
tem.peratures , only a s ta t is t ica l value of inve r se slope can be obtained, 
unless the re la t ive or ienta t ions of the spheres can be observed and the 
effect of c rys ta l face development can be taken into considerat ion. 

X = length of neck formed between two spheres i r = radius of sphere . 



VI. ALLOY THEORY AND THE NATURE OF SOLIDS - ACTIVITY 5420 

1. In te rmedia te P h a s e s in Trans i t ion Metal Sys tems (M. W. Nevitt) 

The study of the role of atomic s ize in determining the occu r rence 
and la t t ice p a r a m e t e r of Cr30- type phases has been completed and a paper 
has been submitted for open l i t e r a tu r e publication. A c r i t e r ion for the 
stabili ty of the phase in t e r m s of a ra t io of the r ad i i of the component a tom 
has been es tabl ished, and empi r i ca l equations have been der ived for p r e ­
dicting the lat t ice p a r a m e t e r of the phases from a knowledge of the a tomic 
rad i i . The p a r a m e t e r s of these equations have been used to evaluate the 
suitabili ty of ce r ta in models of the s t ruc tu re which can be der ived f rom 
space-fi l l ing cons idera t ions . The re la t ionship between the occu r rence of 
the CraO-type phase and the posi t ions of the component e lements in the 
Per iod ic Table has a lso been clarif ied. 

Another paper has been submitted for publication giving 1200°C 
composit ion ranges and la t t ice p a r a m e t e r s for t h r ee s igma p h a s e s . These 
data a r e s u m m a r i z e d in Table XII. The exis tence of Os-W s igma phase 
has a lso been recen t ly verif ied by Raub.^^ 

TABLE XII 

Approximate Composit ion Range and Lat t ice P a r a m e t e r s 
of Severa l Sigma P h a s e s 

System 

Os-W 

O s - T a 

I r - T a 

Approximate 
Composit ion 

Range 
(a /o at 1200°C) 

65 - 67 W 

65 - 75 Ta 

75 - 85 Ta 

X-Ray Data 

Alloy Composi t ion 
(a/o) 

67 W, 33 Os 

75 Ta, 25 Os 

75 Ta, 25 I r 

(1) 

9.686 

9,934 

9.938 

^ 

5.012 

5,189 

5.172 

E, Raubs Die O s m i u m - C h r o m Legierungen. Z tsch , fur 
Metallkunde. _8, 53 (1957). 




