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TERIJINAL mPORT ON ORJTL SLW PROBUM - CAUSES AND PREVENTION 

Abstract 

Ef for t s  were made t o  obta in  quant i ta t ive  data of the  various fac tors  whfeh 

seemed important i n  connection with the  f a i l u r e s  of the  slugs i n  t he  OREJL 

p i l e ,  The invest igat ion included both rad ia t ion  and non-radiation s tud ies  

on standard and modified Clinton s lugs  and di f fus ion work including r a t e s  

with l i qu id  phase present and t he  e f f e c t  of a t h i r d  element. This d i f fus ion  

work was supplemented by some s t ruc ture  s tud ies  i n  uranium-alminum a l l o p  

with and without a t h i r d  element present, Some physical measuremen%s were 

included on t he  compound UA14, t h e  in te rmeta l l i c  compound about which the 

l e a s t  was h o r n .  

The di f fus ion work has shovm t h a t  the  slugs do not, i n  general,  f a i l  

i n  the  minimum time necessary fo r  the  penetrat ion of t he  can; but  no q m n t i -  

t a t i v e  data were obtained on the  frequency d i s t r i bu t i on  a f t e r  t h i s  t h e ,  

Temperature was the only f ac to r  s tudied extensively. It i e  very d i f f i c u l t  

t o  predict  accura-1;elythe minimum t h e  fo r  f a i l u r e  a t  250 C s ince  there  a r e  

s e w r a l  f ac to r s  which are  not known. It i s ,  hornever, estimated t h a t  7% of 

the  72 p i l e  f a i l u r e s  could have been caused by diffusion.  The nature of the  

weakness of t he  weld i s  suggested, It i s  believed t h a t  about 40% of t he  s lug 

f a i l u r e s  could have been due t o  slugs which had holes when charged, Experience 

has shown t h a t  these  holes were most l i k e l y  a t  t h e  welds. 

Further work has been done with slugs which have t h e  can meta l lu rg ica l ly  

bonded t o  the  uranium slug by an A1-Si eu t ec t i c  a s  a r e  t he  Hanford slugs. 

m i l e  t e s t s  h a w  not been too extensive, no trouble has been experienced 

except t h a t  one s lug  f a i l e d  a t  550 C af'ter 270 days as  compared t o  a min imum 



l i f e  of one day f o r  a regular slug. Evidence i s  presented t o  show t h e  

superfor i ty  of t h i s  type of s lug with respect  t o  t he  weld. A l l  data indicate  

t h a t  t he  use of bonded slugs i s  a sat; isfaetory so lu t ion  t o  the problem and 

would permit r a i s i ng  the  pile-operat i ng  temperature, 

Results a r e  presented t o  show t h a t  other elements besides s i l i c o n  a re  

effect ive  i n  reducing the di f fus ion r a t e  between t he  uranium m d  the  alumi- 

num. The most e f fec t ive  of these i s  bismuth. Semi-quantitative data a r e  

included t o  show t h a t  the  main empound f o m d  on d i f fus ion  i s  UAlg. 



TERMINAL REPORT ON ORNL SLUG PROBLEM - CAUSES lLND PREVENTION 

INTRODUCTION TO THE PROBUM 

This study was i n i t i a t e d  jus t  under two years ago when it became apparent 

t h a t  the f a i l u r e  of f u e l  elements o r  slugs in the  Oak Ridge National Laboratory 

p i l e  (formerly known as the  Clinton p i l e )  was becoming a ser ious  problem, 

Fai lures  r e s u l t  i n  t h e  oxidation of t h e  uranium, contamination, and l o s s  of 

operating t h e ,  As  an i n i t i a l  and immediate solution,  it was decided t h a t  

f i l t e r s  in the  ou t l e t  a i r  stream should be i n s t a l l ed  t o  t r ap  t h e  entra ined 

material ,  It was hoped t h a t  a study of the  nature of the  f a i l u r e s  m u l d  pro- 

r i de  means which would reduce or  prevent them from occurring. 

The reactor  a t  Oak Ridge National Laboratory i s  a thermal p i l e  containing 

na tura l  uranium i n  a large  graphite cube. Cooling a i r  i s  sucked i n  by two 

large fans and discharged up a t a l l  stack, The uranium i s  i n  the  form of 

small slugs which l i e  i n  a channel 1-3/4" square turned on edge so t h a t  the  

slugs l i e  i n  a corner, The a i r  has a ve loc i ty  of 120 ft/second through this 

chame 1 , 

The a i r  comes from the  outside; and, hence, i t s  temperature var ies  during 

the day and with t h e  seasons, The mean hourly temperatures f o r  the  months 

vary from the  low 309s i n  winter t o  the  high 709s i n  midsummer, The average 

temperature var ia t ion  during the  day is  estimated t o  be about 20 F, This air  

is passed through the p i l e  and comes out a t  an  average temperature of 90 C 

bu t  has a max im~~1  temperature of 110 C from the center holes. The p i le ,  of 

course, has more heat  generated near the  center than a t  t he  edges; and t he  

air  en te rs  a t  one end ao t h a t  the maximum metal temperature i s  j u s t  pa s t  t h e  

center of the  middle rowa, The maximum metal temperature i s  about 245 t o  

250 C and is  used t o  I l trol  t h e  power of the  pi le .  The slugs are  1.100" m 



diameter x 4,1n long encased i n  an aluminum can which was probably drawn f r o m  

2S aluminum with a w a l l  of about Os030", The t o p  (end with weld) is abawb 

0,0'7" wi%h the bottom approximately t he  same a s  the  walls ,  

The fabr fca t ion  of the  s lugs  i s  as  followsg The uranium stock, usual ly  

alpha rol led,  i s  machined t o  s i z e  leaving i n  most eases a groove on %he our-. 

face with a pi tch of 1/16' and about 0.,00lW or l e s s  deep. O n  recent. slugs 

the  radius  on the bottom has been decreased t o  1/16", The slug i s ohemi c a l l y  

cleaned and dried, placed i n  a chemically cleaned can, and the top put i n  

position. Fol lmfng a pass through a d ie  which draws t h e  can onto the  slug 

and g i w s  the  w a l l  a s l i g h t  reduction, the  excess of the can i s  maahined off g 

and a =weld i s made on t he  rfm by an argon shielded arc ,  See f i gu re  No, 1 

f o r  t he  f in i shed  un i t  and f fgure  No, 7 f o r  a weld cross section,  The tes%ing 

procedure i s  g i w n  i n  reference No, 1 and consis ts  of two s teps  t h e  f i r s t  

of which i s  designed t o  detect large  holes by the weigh% galn and appearance 

of bmps on the surfase,  both due t o  -the oxidation of the  uranium t h a t  would 

occur i n  t e n  days a t  t he  t e s t  temperature of 300 C, The sound slugs a re  

then given the  modified bubble t e s t  which subjects  the  slugs t o  300 p s i  He 

pressure f o r  16 t o  18 hours af"ter which they are placed individual ly  under 

a co l l ec to r  suherged  i n  acetone, Any s lug re leas ing gas i s  discarded, The 

claim is made that t h i s  t e s t  is  sens i t ive  t o  holes a s  small a s  t o  10"~ 

inches i n  radius,  After  t h i s  t e s t  t he  slugs a re  e f t he r  s to red  i n  a vau l t  or 

charged i n to  the  p i l e s  

It i s  necessary t h a t  t he  u ~ a n i u n  be protected from the a f r  a t  even s l i g h t l y  

elevated temperatures for,  otherwise, it w i l l  oxidize completely., The oxide 

fe a t  most only s l i g h t l y  protecting t o  the  uranium. Experience has shown t h a t  

a t  250 C the  oxide i s  r hard and s t f eks  together  



t i '  

CLINTON SLUGS RHICH H 4 E  BEEN TESTED BLISTERING AND RUPTURE 

Class 1 Clinton slugs recanned and heated a t  450 C for  72 hours 
1. Extensive bl is ter ing 
2. kchanged except for  a few small b l i s t e r s  
3.  Al-Sf coated. Rupture caused by a faul ty  weld, 



i n  layers  pa ra l l e l  t o  the  metal surface, It i s  lmown that uranium contact 

with a i r  a t  550 C f ie lds  U308, s heavy black powder which looks exac t ly  l i k e  

UOZ f o m d  a t  250 C except t h a t  it i s  formed a s  a loose powder and not a s  a 

layer,  The temperature a t  which the  higher oxide is  fomed i n  preference t o  

the  lower is not known, but it i s  recal led t h a t  the  oxidation of slugs at 

temperatures a s  low a s  350 C gave what appeared t o  be %08, 

The high r e a c t i v i t y  of the  uranium f o r  t2ie gases l e f 3  i n  a s lug  means 

*at most of the  gases w i l l  react  t o  give so l i d  products, FOP a11 practical, 

purposes the  oxygen and nitrogen w i l l  react  completely lea r ing  only hydrogen 

and argon since water w i l l  be dissociated by the  meta l l i c  uranium. The hydro- 

gen dl1 react  p a r t l y  but is l imited since the  hydride has t he  ra ther  high 

decomposition pressure of one atmosphere a t  436 C, The Br i t i sh  have shorn 

t h a t  the  equilibrium pressure of residual gases from a i r  over uranium i s  aboat 

27 x n  Hg a t  350 C? and dropping t o  a bout 13.5 mm a t  2 50 C. It should be 

real ized t h a t  argon would contribute about 8 mm a t  a l l  temperatures, It 

seems safe, then, t o  expect a low res idual  pressure in the  cans, This low 

pressure i s  considered a problem in heat t r ans fe r  by some since the  aluminran 

can w511 expand away from the slug of uranium i f  the  w a n i m  were e a s t  because 

the  coeff ic ient  of ca s t  uraniun i s  g i w n  a s  about 12 x lom6 per degree C as 

 omp pared t o  about 25 x loa6 f o r  aluminum. I f ,  however, the  uranium i s  alpha 

rolled,  it may h a w  a value a s  high a s  23 x perpendicular t o  the  direot ion 

of ro l l i ng  because of the  preferred or ien ta t ion  established by m l l ~ ,  This, 

combined with the i n i t i a l  t i g h t  f i t ,  would probably keep the  can t i g h t  on the 

s lugs  used in t h i s  pi le .  In the  ORNL p i l e  it is believed t h a t  the  slug tem- 

perature i s  only a f r ac t i on  of a degree higher than t h s  can, The r e s u l t s  of 

t h i s  invest igat ion t a t  a l l  temperatures, 



During the operation of the  p i l e  it i s  found t h a t  some of the slugs w i l l  

f a i l .  To date there have been about 72 primary f a i l u re s  which haw i n  some 

cases resul ted i n  secondary f a i l u re s ,  These represent 0 ~ 0 3 %  of a l l  slugs 

used but does not include the  f a i l u r e  of one or  two spec ia l  slugs, ah the 

e a r l y  stages of rupture or f a i l u re  the  can swells because of the formation 

of oxide whose specif ic  volume is  approximately four times t h a t  of ur&.nimo 

W n b u a l l y  the  end i s  pushed off ,  o r  the can s p l i t s ,  Then i n  some cases 

the oxide i s  swept from the can break and r e su l t s  i n  contamination of the  

graphite and the a i r  ducts from the p i le ,  Figure No, 1 shows a typ ica l  

f a i l u r e  with most of the oxide removed, The slug may expand and block the  

channel so t h a t  the en t i r e  row w i l l  get  over-heated and pise t o  a temperature 

of about 350 C or higher, This increase i n  temperature endangers the other 

slugs which may give secondary fa i lu res ,  These slvollun slugs can becane so 

t i g h t  i n  the channel tha t  it i s  very d i f f i cu l t  t o  remove them and has resul ted 

i n  such severe damage t o  the graphite t h a t  a few of these channels can no 

longer be wed, 

These f a i l u re s  have resul ted i n  otherwise unnecessary exposure of per- - 
sonnel, in terrupt ion and loss  of experbents  due t o  shutdowns, l o s s  of material, 

and loss  of operating time, While the  ruptures have been taking place a% abou% 

a constant ra te  fo r  the  past  three or four years with 13, 14, and 14 occurring 

i n  1947, 1948, and 1949, they a re  such a serious problem t h a t  

f i l t e r s  were ins ta l led  18 months ago fn the  ou t le t  a i r  duct, In addit ion the  

c h m e l s  a re  scanned v isua l ly  each week by placing a I f  gh-t a* one end of the 

channel and looking down it from the other end, 1% i s  anticipated t h a t  the  

number of f a i l u re s  w i l l  increase since the average age of the slugs i n  the  

p i l e  i s  over 5 years, The f i l t e r s  are  expensive .to maintain and operate - 



because of the large pressure drop across them. The visual  scanning requires 

some exposure of personnel and a l so  a f a i r  mount of time. For these reasons 

it was considered t h a t  a study of the causes of slug f a i l u r e  and possible 

methods of prevention would be well  advised. Also, in d e w  of the f a c t  t h a t  

there  a re  several  other planned reactors which may have the same problem, 

it would seem tha t  the  r e su l t s  xnight be helpful  i n  predicting o r  ant ic ipat ing 

trouble from these. 

Since it i s  obvious t h a t  the  slug can oxidize only i f  there  i s  a hole 

i n  the can, the  problem then i s  t o  determine the  possible causes of holes, 

Insofar a s  it i s  known, the  aluminum cans a s  received have never been porous 

or had holes i n  them, The holes then must be a t  the  welds buk not  detected 

or e l s e  develop pr ior  t o  or  a f t e r  being placed i n  the  p i le .  There i s  good 

evidence, a s  has been previously presented,4 that new holes can be found i n  

slugs a f t e r  storage. Same of these holes r e s u l t  from external  corrosion 

promoted by dampness and other fac tors ,  buk these holes a r e  preventable and 

a re  not  expected i n  the  future  since the  storage vau l t  has been heated and 

the boxes ra ised from the  damp floor.  Some of the  other slugs previously 

passed as sound w i l l  have detectable holes i n  the welds a f t e r  storage. 

This could possibly be due t o  increased s e n s i t i v i t y  of the  bubble t e s t  or  

the  f a c t  that  a r e t e s t  on the same slugs would be expected t o  pick up some 

defects not previously found. From the  evidence it seems reasonable t o  th ink 

that some of these developed holes without corrosion, and a Arrther discussion 

w i l l  be given with data and a photomicrograph i n  a l a t e r  sec t ion  t o  support 

t h i s  conclusion, It is h o r n  that some of the  s lugs  which were charged i n  the  

p i l e  must have had holes i n  t h e m .  It seems l i k e l y  that some of the  welds 

developed holes while in the p i l e  jus t  a s  they did  during storage, 



The l a s t  method which seems l i k e l y  t o  be p a r t l y  respollsible f o r  fkilupes 

i s  the  in te rac t ion  of, o r  more cor rec t ly  the dif fusion of, the  aluminum and 

the  uranium, That aluminum and uraniun dif fuse  together was probably h o r n  

ra ther  early,  but it apparently was n e w r  suspected t h a t  t h i s  could be a 

possible eause of trouble u n t i l  a f t e r  the p i l e  had been i n  operation for  

several  yeare, and then i t s  importance was not immediately obv2oubi0 %hi18 

it was known t h a t  t h i s  could be a problem under some cases p r io r  t o  the  

i n i t i a t i o n  of t h i s  study, r e l i ab l e  data had never been obtained3 therefore,  

one of the  main objectives of the invest igat ion was t o  determine the  in te r -  

d i f fusion r a t e  of uranium and aluminum and the  possible fac tors  a f fec t ing  it, 

This invest igat ion has revlealed that, in the  absence of rad ia t ion  and 

at temperatures above t h a t  of the  pile,  the  dif fusion takes place usual ly  

at ra ther  l imited areas forming hard, b r i t t l e  lumps of in termetal l ic  com- 

pound between the  can and uranium, Khile it i s  very t rue  that t h i s  d i f fus ion  

requires e s sen t i a l l y  a weld of the  two metals over the  dif fusion area, it 

has been found t h a t  t hem i s  very low strength of the  junction between the  

aluminurn and the  compound, It i s  not measonab le  then t o  expect a break 

along t h i s  in terface a f t e r  t he  eblutubum has been consumed t o  allow the  air  

t o  en t e r  and form the  oxide vihich would mechanically enlarge the  hole, The 

compound dl1 not oxidize so read i ly  a s  uranium. 

The problem then is  t o  determine the  r e l a t i w  importance of f a i l u r e s  

due t o  di f fusion or  due t o  weld f a i l u r e  o r  possibly other types of can f a i l u r e  

independent of diffusion, A d i r ec t  a t tack on the  problem i s  complicated 

t h a t  the  slugs a r e  so radioactive a f t e r  discharge from the p i l e  t h a t  soms 

months must elapse before any useful examination i s  possible, and de ta i led  

examination is  nemr  possible. This means t h a t  the  problem must, f o r  t h e  m 



most part ,  be investigated independent of the p i l e  and with non-radiated 

slugs. The two most important types of investigation were the study of 

standard and modified slugs held a t  elevated temperatures and the performance 

of diffusion studies. Those diffusion studies were carried out between 

uranium and aluminum or aluminum alloys under more careful ly  controlled 

conditions which would allow measurement of the thickness of the  compound 

layer with comparative ease and accuracy. 

THE INVEST IGAT ION 

The par t  of the investigation in which standard and modified slugs were 

tes ted  i n  the absence of radiat ion was rather complete with one important 

exception about a year ago and is covered rather  completely i n  a report  

4 
issued a t  t ha t  time. The work, however, w i l l  be reviewed here; and the 

new t e s t s  and resul ts  w i l l  be included f o r  completeness and conwnfence. 

A few terns should be defined f i r s t  so t h a t  a minimum amount of conf'usion 

w i l l  r e su l t  as some of the terms are used here and elsewhere rather  loosely. 

The terms "reactionn and "diffusion" are  used more or less  inter-  

changeably i n  connection with t h i s  problem since it i s  by diffusion t h a t  

the uranium and aluminum are  mixed and f o m  the compound or, more correctly,  

compounds. The product of the diffusion i s  mostly UAlg which a t  roam tem- 

perature i s  a rather  hard, b r i t t l e  substance with a gray color and similar 

t o  other intermetall ic oompounds . 
Blistering a s  used i n  t h i s  report  is  d i f fe ren t  f r m  the Br i t i sh  usage 

eince they c a l l  the interact ion product b l i s t e r s ,  e w n  when solid.  Also, 

it has no oonnection with the Hanford slug problem which is e s sen t i a l ly  t h a t  

of distortion, and no voids are  formed except possibly between the can 



and the slug, The term "blistering" re fe rs  t o  the phenomenon which r e su l t s  

i n  a bump on the can and a void inside the can and under a t h i n  campound 

layer. Figure 2 shows diffusion and diffusion resu l t ing  i n  b l i e t e r ing  a s  

found i n  aandwich s tudies ,  

The *ace t e s t s  i n  the absence of radiat ion consist  mostly of taking 

the slugs as rece iwd and placing them i n  furnaces a t  temperatures of from 

250 t o  550 C, Observations were made on them t o  determine when they f a i l ed  

and, also, when and i f  b l i s t e r s  formed, I n  general, it would be impossible 

t o  detect  f a i l u re  before oxidation; and i n  many cases the en t i r e  slug would 

be oxidized before it was discovered, When a slug had s t a r t ed  t o  oxidize, 

it was diff icul t - - i f  not impossible--to t e l l  where the can fa i led  and whether 

or not there had been any diffusion. As a r e su l t  the  data available from 

such t e s t s  were ra ther  limited. A modification of the  t e s t  procedure which 

m e  adopted f o r  other reasons helped t o  solve t h i s  problem also.  It inmlved 

placing slugs in olosed lengths of s ta in less  s t e e l  pipe, connecting t o  a 

tank of helium, and then heating as before. The helium a t  100 ps i  helped 

t o  maintain be t t e r  contact of the  can with the slug and resul ted i n  dif fusion 

over more of the area, Can f a i l u re  would r e s u l t  in only a small amount of 

oxidation since l i t t l e  oxygen was present, Complete penetration was then 

observable, but the  times would not be exact ly  h o r n .  

Since it was lm- from an e a r l y  date5 tha t  a bonded slug as used a t  

W o r d  would not dif fuse so rapidly as  an unbonded slug, some of the slugs 

tes ted  were coated by dipping into  a molten bath of A1-Si eu tec t ic  and then 

canned. This did not give a metallurgical  bond between the uranium slug 

and the  can. The reduction of the r a t e  of dif fusion was a t t r ibu ted  t o  the  

presence of the Si,  and so bonding could do nothing but possibly increase 

the  r a t e  of diffusion. 



Uranium 

lluminum A l l o s  

Figure 2 

DIFFUSION OF ALUMINUM AND URANIUM FROM S A N m C H  STUDIES 

Magnification l O a X  62 Hours a t  550 C No e t ch  
Pic ture  Noo Y-67 

Tops General dfffusion without b l i s t e r i n g  
t o  any marked extent  

Bottoms The f o m t i o n  of b l i s t e r s  



The data f o r  a l l  new slugs not included i n  ORNL 269 a r e  given i n  t h e  

Appendix I. Table I which follows i s  a summation of a l l  t he  slugs t e s t ed  

t o  date. 

DISCUSSION OF THE RESULTS OF SLU3 TESTING 

I n  the  tabula t ion of the  data it i s  d i f f i c u l t  t o  get a very quan t i t a t ive  

idea  of the  minimum time f o r  f a i l u r e  in the  absence of radiat ion;  but it 

has been shown t h a t  the approximate times f o r  f a i l u r e  are  about one day a t  

550 C and about four a t  450 C with very l imited data  a t  350 C and then, as 
4 

reported before, a time of about 540 days a t  250 C. The r e s u l t  a t  250 C 

i s  based on very l i t t l e  data. It i s  believed t h a t  rad ia t ion  would have a 

comparatively small e f f ec t ,  The t ab l e  does beyond any doubt show the  de- 

cided super io r i ty  of t he  slugs which a r e  coated or bonded with Al-Si eutect ic .  

&cept f o r  a few which f a i l e d  in such a short  time t h a t  the re  was no doubt 

t h a t  t he  welds were fau l ty ,  not a s ing le  s lug  coated with A1-Si fa i led .  

Their t e s t i n g  times were not so great  a s  t ha t  f o r  t he  bonded slugs. Only 

one of the  several  bonded slugs which f a i l ed  was va l id  since in  a l l  other 

cases the furnaces overheated. Even t h i s  s lug  had been abused on two occasions 

by overheating but l a s t ed  several  months a f t e r  t he  l a s t  occasion. 

The observed e f fec t  of t e s t i n g  the  s lugs  under helium pressure was t h a t  

the  b l i s t e r s  formed sooner, i n  greater  number, and were smaller. Also, the  

r a t e  of penetrat ion was greater ,  not  because t he  pressure increased t h e  

maximum r a t e  of d i f fus ion but because it helped t o  maintain be t t e r  contact  

between the  uranium and the can, It i s  possible t h a t  some of the  slugs 

f a i l e d  under these conditions but went undetected since t he  f i r s t  f a i l u r e  

would r e su l t  i n  the  con unt of a i ~  present, and 



TABU3 I 

SUMMARY - RESULTS OF TESTING CLINTON SLUGS AT ELEVATED T-TURES 

Degrees Ps i  
C He 

Virgin 6 0 4 0 2,376 
Faulty 4 0 3 2,587 3,953 
Bonded 2 0 0 8 76 

Total, Am, 1% 0 4 3 2,587 2,652 

Virgin 9 0 2 0 41 
Virgin 7 1 7,200 7 0 7,753 
Cycled 1 0 1 0 640 
Bonde d 2 0 0 6,360 

Total, Am. 19 1 7,200 10 0 3,986 

Virgin 
Virgin 
Degassed 
Cycled 
Re oanne d 
Al-Si Coated 
Brookhamn 
Other 
Bonded 

Total, A m 0  67 32 41 41 11 220 377 

Virgin 
Virgin 
Degassed 
Cycled 
Reo anned 
A1-SI Coated 
Brookhaven 
Hanf ord 
Other 
Bonded 

Total, Am. 105 33 21 53 2 5 2 54 2 72 



then the next fa i lure  could be identified only by finding the hole. This 

i s  not generally possible. 

The other classes which are l i s t ed  are discussed i n  the previous report 
4 

and do not haw a great deal of bearing on the usefulness of the resul t s  or 

conclusions reached. The degassed slugs were given vacuum treatment and 

then recanned, The f a c t  tha t  none of them bl is tered i s  bel iewd important 

and i s  discussed la ter .  The slugs which were g iwn  some cycling from ele-  

vated t o  room temperature before being held a t  constant temperature are 

l i s t e d  as cycled, Conclusions on these are d i f f i cu l t  because of the com- 

plexity of treatment. The recanned class  consists of slugs which were 

stripped from the cans and then recanned, There i s  no obvious difference 

between these and the other virgin slugs when treated the same. The l a s t  

minor class  i s  tha t  of nother" which contains those which do not f a l l  c lear ly  

into other classeso 

The l a s t  class of importance i s  tha t  of the BrooWlamn slugs which were 

miniature elements f o r  the Brookhaven p i le  and consist of a single Clinton- 

sized slug canned by the Brookhawn method, This method i s  different  mainly 

i n  tha t  the alumfnun i s  gfwn an anodized coating which effect ively premnts 

the interdiffusion. No case of diffusion was noticed; howewr, the slugs were 

not nearly so bright as are the usual Clinton slugs; and t h i s  would help t o  

prevent diffusion. It has been shown by other investigators tha t  anodizing 
6 

i s  effective i n  preventing diffusion, In  th i s  investigation it has been 

shown tha t  oxide on the slug i s  also rather effective,  No slug which had 

a deliberate oxide coat was found t o  have d i f h s e d  or to  have fa i l ed  from 

diffusion. 



Figure 1 shows typ i ca l  r e su l t s  a t  450 C o r  above when b l i s t e r i ng  i s  

present. The f a i l u r e s  a re  about the same at. a l l  temperatures above and 

below 450 C. I n  Figure 3 very ex-bensive d i f fus ion  i s  sho~m, Diffusion 

t o  t h i s  extent  was found mostly when using an external  pressure of IIe a t  

550 C ,  Usually the di f fus ion product i s  more l i k e  t h a t  shown I n  Figure 2, 

and i n  many cases t he  h i l l s  have even steeper slopes and espec ia l ly  80 a t  

lower temperatures , The next picture (Figure 4) shovrs slugs which apparent ly  

had too  much oxide on the  surface f o r  diffusion and two cases of very ex- 

tensive  b l i s te r ing .  Slug No. 1 would look w r y  much l ike  2 and 3 when 

opened, Figure 5 shows a s lug which was coated with a eutec%ic melt of 

Al-Sf before canning. The dark supface of the  s lug i s  due t o  some dif fus ion 

and i s  assumed t o  be a mixed compound, There was v i r t u a l l y  no penetrat ion 

04 the can. Figure 6 shows same of the  slugs which were canned by the  Hanford 

method, two of which f a i l e d  because of overheating of t h e  furnace, The t e w  

suggests incipient  fusion, so the  temperature milet have been about 570 C 

as the  presence of uranium does not lower the  aluminum-silicon eu tec t ie  by 

more than a degree or so a s  shown by cooling curves, It i s  evldent tha% 

slug CBS-8 has diffused so completely t h a t  the  cornpound i s  protecting,  The 

compound has oxldized s l igh t ly ,  however, and spal led badly, 

Fi f teen of these bonded slugs have been placed i n  a blocked channel. i n  

the  p i l e  and operate a t  a maximum temperature of 330 C ,  They have been i n  

f o r  almost t e n  months t o  date; and, a s  expected, no i r r e g u l a r i t i e s  have 

developed ye%, 

A s  was mentioned b e f o ~ e ,  the  f a i l u r e  of the  melds of regular Clinton 

slugs i s  shown t o  be a serious problem by the  past  experiences, 1% i s  known 

t h a t  a great  number of p i l e  f a i l u r e s  occur a t  %he welded end. Previously 



A CASE O F  lLLldOST COMPLETE DIFFTJSPON WITH NO B L I S T E R I N G  

S lug  degassed  and reeanned,  Heated at 550 C f o r  72 hours  
Note t h e  on.% s p o t  o f  s p a l l i n g ,  



Figure 4 

A COWARISON OF DIFFUSIObT RESULTRJG I N  
BLISTERING AND SLUGS I'iRICH D I D  NOT DIFFUSE 

Clinton slugs heated a t  450 C f o r  262 hours 
1. CS-216 Brookhaven Method 
2. CS-203 Recanned 
3. CS-210 Ground t o  1,097 in,, Class 1 
4. CS-222 Class 1 
5, CS-221 Class 1 

P i c t ~ e  NO, Y-9 



A TYPICAL COATED SLZX; BFTW TESTING SHOWING THE W K  SURFACE 

Clinton s lug coated with 81-Si eu t ec t i c  and re- 
canned, Heated a t  550 C f o r  186 hours, The br ight  
area on the  s lug a t  r i g h t  is  some of the  coating 
which did not s t i c k  t o  the can, 

Pic ture  No. Y-86 



Virgin s ldg  C bS- 14 C B S - 8  

Figure 6 

CLINTON SLWS BONDED BY !CHE JlMXFORD METHOD 

Virgin s l u g  as  receimtrl 
CBS-14 120 hours at 550 C before furnace 
overheated. 

CBS-8 4,248 hours at 550 C before fur- 
naoe overheated. Can melted off. 



the data haw been presented4 on the case of some 30,000 slugs which had 

been stored fo r  about 2& years i n  the regular vault. These slugs had been 

previously tes ted before storage, and those used i n  the p i le  v?ere taken 

d i r ec t ly  from the storage, It was found, however, t h a t  some of the slugs 

had holes i n  the side apparently from corrosion and f a i l ed  shor t ly  when in  

the pile.  This i n i t i a t e d  a re tes t ing  progrm with the following resul ts ,  

There were some 16,500 slugs remaining; and, of that number, 56 had f a i l e d  

by corrosion where the aluminum cans had come i n  contact with the corrugated 

board used f o r  packing. This board had sodium s i l i c a t e  as  a cementing agent, 

and the boxes were s e t  on the damp f loor of the vault, The re la t ive  humf d i ty  

was a lwap near loo$. It was not, hotvever, these s lugs which are of most 

i n t e re s t  since now the boxes a re  not on the f loor  and the vault i s  heated, 

Tho more important were the other 14 slugs which were found t o  have leaks 

i n  the welds but had no v is ib le  slgns of corrosion, The leaks or holes were 

small and were detected by the bubble t e s t ,  One of the slugs was selected 

and a microsection made i n  the v ic in i ty  of the leak i n  the weld, A picture 

of t h l s  area i s  given i n  Figure 7, Ear l ie r  preparation showed what appeared 

t o  be an oxide film preventing welding t o  the depth of pene%ration, Thas 

discontinuity was observed t o  extend t o  within 0.010" of the surface and 

presumably cam a l l  the may through a t  one point giving the leak, The possi- 

b i l i t y  i s  suggested tha t  slugs might be found sound by the t e s t  but which 

have t h i s  oxide layer close t o  the surface--or possibly a l l  the way through-- 

but no hole around it, Then because of handling, thermal cycling, or just- 

standing, these welds open up; and the slugs are then subject t o  fa i lure .  

It w i l l  be noticed t h a t  these detected weld f a i lu re s  a f t e r  storage represent 

0.085% while t o t a l  f a i lu re s  i n  the p i l e  are  only 0 ~ 0 3 % .  



Figure 4 

SECTION TIIRO'JGH TI= mrD OF A STANDARD 
CLIrJTON SLUG IB TIB V I C I N I T Y  OF A LEAK 

Magnif f c a t  ion 3QX: Etch 1$ HF 
Speefmen No, 675 Pietwe Noo Y-1968 

Note the  rather t h i n  weld and the  oxide barrier. 



On the basis of diffusion studies,  a re-examination of the data suggests 

t h a t  about 7% of the f a i l u r e s  i n  the p i l e  could have resul ted from diffusion.  

An estimated 5% could have been due t o  holes i n  the  slugs when placed i n  the  

p i l e ,  The minimum time t o  f a i l  by diffusion a t  these low temperatures i s  not 

known aocurately, nor i s  the  frequency d i s t r ibu t ion  a f t e r  this time known. 

Very l i t t l e  data a r e  available on the l i f e  of a f a u l t y  slug i n  the pi le ,  and 

nothing quant i ta t ive  i s  hown about the probabi l i ty  of weld f a i l u r e s  occurring 

i n  the  pi le ,  The conclusions, then, must be very approximate. 

The cause of the  b l i s t e r s  has been debated a t  some lengths, but t he  

following data  and analyses are  the only d i r ec t  evidence a s  t o  the postulated 

cause 

From observations of Clinton slugs, it i s  known t h a t  the b l i s t e r s  form 

in shorter  times a t  t he  higher temperatures (shown by Table I) but a r e  smaller 

a t  550 C than a t  450 C while too few have been observed a t  lower temperatures 

t o  compare the sizes,  Figures 2, 4, and 8 show, respee t iwly ,  macrophotographa 

and a radiograph of slugs which ham bl is tered.  It i s  evident or suggested 

that the  uranium-aluminum compound layer i s  ra ther  uniform and pushes up the  

aluminum can. I t s  thickness i s  estimated t o  be about 0,010" t h i ck  and forms 

more or  l e s s  a cone with a 45' angle. There i s  nothing ineide the void except 

possibly a gas, Insofar as  i s  known, these b l i s t e r s  form rapidly  a s  it has 

not been found possible t o  get a b l i s t e r  t o  grow on fur ther  heating o r  t o  

become smaller by applying a pressure of 100 p s i  ex te rna l ly  a t  550 C overnight. 

The radiograph suggests t h a t  there  a re  cracks i n  the compound so t h a t  it is 

not continuous a t  these conditions, This was a l so  found when the aluminum 

can was chemically removed from CS-283 a s  shown i n  Figure 9. It would seem 

t h a t  a considerable force mus formation of such b l i s t e r s ,  



Figure 8 

WIOGRAPH OF BLISTERED SLUG 

CS-164, 120 hours a t  450 C 

Note the  separation of the  can from the s l q  
adjacent t o  the  b l i s t e r s ,  

Pic ture  Ns. Y-k2 



Figure 9 

BLISTER FORIED ON SLUG CS-283 DURING 336 IIOURS AT 450 C 

The can was removed with a solut ion of NROH 
so t h a t  the  b l i s t e r  was not disturbed, The 
mater ia l  which has disappeared was probably 
cracked loose and f e l l  off. 

Magnification I5X Picture No, Y-1844 



and some conditions have been observed where b l i s t e r s  form with no l e s s  than 

an estimated 1000 psi ,  It i s  known t h a t  the b l i s t e r s  do not necessarily r e su l t  

from diffusion, but diff'usion i s  always necessary f o r  the fopmation of b l i  s t e r s ,  

The holes or cracks observed a t  room conditions i n  the cornpound par t  of the 

b l i s t e r s  could be explained by the  s t resses  which are  s e t  up by the cooling 

since there  i s  a difference of thermal expansion, This does not seem un- 

reasonable and i s  necessary i n  the posing of the two most plausible explana- 

t ions.  The compound must deform p la s t i ca l ly  a t  the  elevated %emperatures 

but i s  found t o  be b r i t t l e  a t  room temperature, It i s  noticed tha t  there i s  

about 40$ elongation i n  the formation of a b l i s t e r ,  

The e a r l i e s t  explanation proposed that,  due t o  the 15% increase i n  volume 

upon the formation of Ulgp there  i s  a s t r e s s  b u i l t  up which e i the r  causes 

the b l i s t e r  t o  r i s e  suddenly or t o  grow up. Many of the reasons t h a t  t h i s  

theory does not f i t  the known fac ts  are  obrious, In fact ,  there are  no points 

which a re  i n  complete agreement with it. The cracks and spall ing are  believed 

t o  be due t o  the difference i n  thermal expansion rather than t h i s  volume in- 

crease. Figures 3 and 6 exhibit  spall ing,  while Figures 8 and 9 show cracks, 

The other possible explanation has always been i n  be t te r  agreement with 

the observations, but there were objections based on the lack of knowledge, 

The essent ia l  part  of the theory i s  t h a t  there is  some gas dissolved i n  the 

uranium or  alutninum, or both, the so lubi l i ty  of which i s  decreased by the 

presence of the other element, Consequently, when t h i s  gas gets  a chance t o  

expand, it w i l l  s t a r t  pushing up the  layer and the can, The f i r s t  objection 

i s  the lack of a suitable gas since a l l  common gases except the ine r t  ones 

would react  with the uranium. The compound with the highest decomposition 

pressure i s  uranium hydride having a pressure of one atmosphere a t  436 C. 



This is  believed f a r  too low t o  explain the  b l i s t e r s ;  but, if the  separation 

i s  not betmeen the  uranium and compound but ac tua l ly  wi thin  the  compound, then 

hydrogen could possibly explain it, To checlc t h i s  a slug which had b l i s t e r ed  

a t  450 C in 264 hours (cS-279) was str ipped,  and three  points were se lec ted  

f o r  point spectrographic analyses, One point was t he  bare uranium, t he  second 

a di f fusion zone, and the t h i r d  the du l l  gray area  beneath a b l i s te r .  Table 11 

shows t h a t  the surface of the dif fusion zone and t h a t  surface exposed by a 

b l i s t e r  have the  same composition, Microscopic examinations ham suggested, 

but not proven, t h a t  the  b l i s t e r s  were i n  the  compound. I n  many d i f h s i o n  

studies the b l i s t e r s  had considerable compound beneath the  void and next t o  

the  uranium, but on slugs t h i s  layer always seemed t o  be th in ,  

The uranium may have one o r  two par ts  per mil l ion of hydrogen dissolved 

in it and may have some uranium hydride formed on the surface which reacts  with 

the aluminum t o  generate t he  gas, Since the  aluminum atam i s  believed t o  be 

more mobile, assume that it can diffuse i n to  the  uranium without driving out 

the hydrogen but decreasing the  s o l u b i l i t y  u n t i l  the  gas can nucleate end cause 

a b l i s t e r ,  Possibly the uranium contains uranium hydride which is a t  f i rs t  

unattacked by the aluminum but i s  l a t e r  decomposed by higher aluminum concen- 

t r a t i ons  t o  cause t h i s  phenomenon. It w i l l  be noted t h a t  the  gecunetrio f igure  

expected from the growth of a b l i s t e r  would not be a hemisphere since the  

force i s  proportional t o  the projected area and the  gas pressure while the 

resistance i s  proportional t o  the  perimeter. This would mean t h a t  the  pressure 

would drop a s  more of the mater ia l  i s  pushed up and that the  mater ia l  would 

presumably not be a hemisphere, but something more l i k e  a cone or  parabola, 

This theory, then, seems t o  f i t  the  conditions ra ther  well but leaves the  

exact source of the hydrogen unknown and some doubt a s  t o  why it does no t  - 



TABLE I9 

Element 

A l  

Ca 

Cu 

Fe 

SPECTROGRAPHIC AWALYSES OF CLINTON SLU: CS-279 

Top of Surfaee of Slug Surfase With- 
Diffusion Peak Whioh Had Blistered out D f f f u s f o ~  

Elements sought but not founds Ag, Bas Be, B i g  Cb, CP, Eu, MoS 
Ni, Pb, Sn, Ta, T i ,  V, Zn 

VS Very strong 
S - Strong 
M - Moderate 
w - mak 
W? - Very weak 

T - Trace 
FT - Faint trace 



diffuse in to  the  uranium, I f  the  theory i s  correct ,  it could possibly be 

checked by careful  hydrogen control ,  The lower temperature a t  which b l i s t e r s  

can form is not known, but one was observed a t  350 C En the furnace t e s t s  while 

one was observed a t  290 C on a slug which had been i n  the  p i l e ,  It is assumed 

t h a t  they  a re  not important a t  250 C eince the diffusing area i s  so l imited 

normally, but  ehis  i s  r e a l l y  not known, I n  one o r  bvo cases where slugs had 

jus t  s t a r t ed  t o  f a i l ,  the  break was noted t o  be d i r e c t l y  above EL b l i s t e r ,  

and p o s s i b l y t h i s  could happen i n  the p i l e  a t  250 C, but  proof would be 

d i f f i c u l t  a 

A n  attempt t o  analyze the  gas which might be in the b l i s t e r s  and caused 

them was made by d r i l l i n g  the can i n  vacuum and co l lec t ing  a small amount of 

gas which was inside the  can, Upon d r i l l i ng ,  any gas inside the  can would 

diffuse out; and a sample could be sealed off' i n  a glass sample tube v ~ ~ t h  m 

quar tz  cap i l l a ry  t o  be run spectrographicallyd Because of the small amount 

of gas present, careful  techniques were necessary and had t o  be refined fur ther  

before successful analyses could be made, The l e a s t  amount of gas which can 

be run by t h i s  method i s  not known, but d i f f i c u l t y  was experfenced i n  running 

a blank on an unblistered slug which would contain a t  most about 2 micron 

l i t e r s  of argon (2.6 x lorn3 cc under standard conditions). If the  apparatus 

had been designed f o r  l e s s  f r ee  volume, i t s  s e n s i t i v i t y  would be bet ter ,  

The apparatus consisted e s sen t i a l l y  of a chamber connected t o  a high 

vacuum system by means of a packless valve, One end of the chamber contained 

a spindle with a d r i l l  i n  the end f o r  penetrating the cm.  An e l e c t r i c  hand 

d r i l l  was used f o r  power while "0" rings were used f o r  seal ing around the  

shaf t .  Two small ou t l e t s  were included f o r  the  g lass  sample tubes which were 

sealed off with a torch,  The l a s s  sample tubes were heated t o  about 450 C c 



overnight t o  burn out any organic matter and then were connected, and the  

whole unit with the slug i n  place was pumped down by means of the vacuum unit .  

The apparatus was heated t o  promote outgassing. Once t h i s  had been accom- 

plished and everything cooled, the  valve was closed, the slug d r i l l ed ,  and 

s e m r a l  minutes allowed for  t h e  gas t o  d i s t r i bu t e  i t s e l f  before the  tubes 

m r e  sealed off. 

I n  order t o  get more gas in to  the  tubes, some of them were cooled with 

l iqu id  nitrogen which should increase the  amount near ly  four times. I n  same 

cases a number of bulbs were sealed in to  the stems, and a l l  may h a w  been 

cooled pr io r  t o  sealing, 

The bulb f a r t h e s t  from the glass sample tube prras heated while the r e s t  

of the bulb was cooled and then a s e a l  made between the  two. This was re- 

peated t o  ge t  the  l a s t  bulb off .  It i s  d i f f i c u l t  t o  determine ac tua l ly  how 

ef fec t ive  these methods were but did  help t o  make analyses possible even 

though it was never possible t o  get  a r e a l l y  strong tube. 

It was found t h a t  it was never possible t o  outgas the system completely, 

and the lowest r a t e  of outgassing found was about 0,005 micron l i t e r s  per 

second, This was great  enough t o  co l l ec t  a sample of gas from the chamber 

alone i n  about 20 minutes using the modified technique. This gas was reported 

t o  be composed mainly of C, N, and H with 0 a s  a minor constituent. A blank 

run which had been made on an unblistered slug heated a t  450 C f o r  one day 

and slowly cooled gave r e s u l t s  of almost pure argon, the remainder from the 

entrapped a i r .  A few bands were present but disappeared before photographing. 

These were presumably the outgassed elements above i n  smaller concentratiom, 

A run was made on a slug (CS-279) which had been i n  the furnaoe f o r  11 

days a t  450 C and had developed same 20 b l i s t e r s .  The b l i s t e r s  were broken 



down. with a h m e r  on the  cold slug, and then it was run j u s t  as  the  other 

one. The r e s u l t s  showed tha t  the  main gases present were A and H with the 

usual other impurities. This seems t o  be a good indicat ion that the  gas 

cauaslng the b l i s t e r s  i s  hydrogen. One fur ther  observation wh~eh  indicates  

t h a t  the  gas might be hydrogen i s  tha t ,  as  l i s t e d  i n  the summary table, 

degassed slugs gave no b l i s te r ing  but about a s  much dif fusion a s  the others. 

The slugs were degassed above 550 C f o r  several  hours under a vaouum of l e s s  

than 80 microns. The equ i l i b~ ium hydrogen would be very s m a l l s  and t h e  sur- 

face, a t  l eas t ,  i s  well degassed. 

It i s  not ce r t a in  t ha t  the  foregoing conclusions a re  correct, but  t hey  

ape the  most sa t i s fac tory  and are  more or  l e s s  i n  agreement with the lcnown 

fac t s .  There a re  no s imilar  phenomena known by the author; so no oonclusions 

can be reached by comparison. The evidence presented hsre i s  not conclusive 

and leaves much unknown but does explain a l l  observed f a c t s  with some degree 

of sa t i s fac t ion ,  and no other theory knovm i s  so near ly  acceptable i n  view 

of the  obse~vat ions .  

A s  has h e n  shown by the furnace t e s t s ,  the  bonded slugs seem t o  l a s t  

much longer than ordinary slugs. Exact data a r e  not avai lable  since t oo  few 

alugs have been run f o r  long enough times, but a decidedly grea te r  res is tance 

t o  f a i l u r e  i s  shown a t  elevated temperatures. A fac tor  as  g rea t  a s  t en  f o r  

times t o  f a i l  i s  suggested but not proven by the  data, Other work which is 

presented l a t e r  i n  t h i s  report  suggests t h a t  the bonded slugs should have 

had t f m e  t o  f a i l  a t  the two higher temperatures; but, a s  i s  t r ue  of regular 

slugs, the maxhm diffusion r a t e s  a r e  not observed under such conditions. 

In the  case of bonded slugs one reason i s  t h a t  the  can breaks away frm the 

uranium and reduces the  degree of contact . A picture ,  Figure 10, i s  included s 



Figure 10 

SECTION THFtOUGH THE BOTTOM OF A CLIETON SLUG 
BONDED BY THE W O R D  METHOD 

&gni.fication 60X Etch 1% NaOH 
Specimen No, 565 Picture No, Y-678 

It i s  seen t h a t  the slug almost touches the 
can here and t h a t  the bonding is not uniform, 
A t h i n  layep of compound can be seen on the 
uranium (O,,OOln), 



t o  show t h a t  the bond may be very t h i n  a t  some places (here, the  corner)  

and that the uranium already has a compound layer  which, as  shovm i n  Table V, 

i s  ra ther  r i c h  i n  s i l i con ,  This may account f o r  the  lower ra tes .  It w i l l  

be noticed that the  bonded layer  i s  not eutect ic ,  and t h i s  may be due $0 

t he  se lect ive  react ion of the  s i l i c o n  with the  wanium, That t he  d i f fus ion  

does proceed i s  shown by Figure 11, Here the  s i l i c o n  i s  seen t o  ham dSfused  

illto t h e  aluminum cans, and t he  react ion has proceeded irregu1arl.y. A t h i r d  

picture,  Figure 12, i l l u s t r a t e s  what i s  believed the best argument f o r  t h e  

use of bonded slugs, Here it i s  seen t h a t  t he  l i d  i s  e s s e n t i a l l y  brazed i n t o  

place by the eutect ic ,  and then t he  closure i s  completed by a weld, Irs corn- 

paring t h i s  with the previous picture (Figure '7) it i s  cel-tain t h a t  t h i s  

un i t  i s  mechanically more rugged with much stronger welds, Another point  

d i c h  f a w r d  bonded slugs a t  higher temperatures i s  t h a t  they ham n e w r  

exhibited any b l i s t e r i ng  under any conditions. In some unbonded slugs b l i s -  

t e r ing  apparently resul ted i n  f a i l u r e  before the  uranium had i n t e r ac t ed  with 

more than one-half the  can t h i c h e s s ,  This has not, however, r esu l ted  i n  

minimum observed times t o  f a i l u r e  but would ce r t a in ly  reduce the  l i f e  of any 

given slug, Since the  t en t a t i ve  plans c a l l  f o r  operating the p i l e  a t  a t o p  

temperature of 350 C, b l i s t e r i ng  would be important, It i s  postulated t h n t  

b l i s t e r i n g  does not occur on bonded o r  coated slugs because the hydrogen is 

e i t h e r  d r i w n  off during canning or  t he  di f fus ion r a t e  i s  so low t h a t  the  

hydrogen concentration never builds up. 

INTRODUCTION TO TIE OTHER WORK DONE IN COIflECTION RITH THE SLUG PROBLEM 

As the work progressed on the  study of slugs in t h e  absence of radia t ion,  

it was decided t o  s t u  a l loys  and the formation of the  



Figure 11 

S E C T I O N  THROUGH A CLINTON SLUG BONDED B Y  THE 
HANFORD MEHOD AFJER E I B G  HEXD AT 550 C FOR 1 , 8 2 4  HOURS 

CBS-10 Magnification about 1OQX Et-eh HF, RN03, HC1, Hz0 
Plc5m-e No. Y-1" - 



SECTION THROUGH THE TOP CLOSURE OF A CLINTON SLW: 
CANWED BY THE RANFORD METHOD SHOWING THE BONDING LAYER AND VELD 

Magnification 14X &eh 10$ NaOH 
Specimen Noo 658 Picture No, Y-676 



i n t e m e t a l l i c  compounds during the  cooling since these were inmlved i n  the  

dif fusion layers, Some other work which had been done with uranium-aluminum 

a l loys  containing up t o  25 m i g h t  per cent uranium resul ted i n  what appeared 

t o  be an equilibrium mixture of three  phases i n  the  binary system, and it 

was t h i s  observation which led  t o  a study of the  formation and the  separat ion 

of the  i n t e m e t a l l i c  compounds. The abnormalities were explained, and no 

unusual r e su l t s  wero found which seem t o  have any d i r ec t  connection with the  

conclusions reached on the  slug problem, They do, however, permit a be t t e r  

understanding of the system involvsd. 

Since the  s t ruc ture  of what was h o r n  as  UA15 was unknown, one of the  

members of the  divis ion desired t o  determine i t s  s t ructure ,  Since samples 

were on hand which contained r e l a t i ve  pure compound i n  aluminum, the  t a sk  

of separation was taken up t o  supply him with material .  Direct measurements 

of the  densi ty  and chemical composition were considered desirable and m r e  

made. 

This mater ia l  has been shorn t o  be Ub14 s t ruc tu ra l l ye7  The s t ruc ture  
0 0 0 

i s  body-centered or thormbic  with a = 4,41A, b ': 6.25 A, and c -' 13.60 A 

with four molecules per uni t  c e l l ,  The theore t ica l  densi ty  i s  6.12 grn/ce, 

and the  composition would be 68.8% uranium as compared with 63-8 f o r  IIA15, 

The physical measurements which were made have been tabulated i n  Table 111. 

Sample Y-15 was prepared by slowly cooling a melt of 2% uranium from 

770 t o  650 C i n  four  hours. The lower par t  of the  ingot which contained the  

primary c rys ta l s  of UA14 was removed and leached with IaOH i n  aqueous solution. 

This method was t r i e d  i n  many cases f o r  the  separation of aluminum from the  

oompound and proved t o  work well except that ,  i f  the  solut ion were too hot 

and concentrated, the  compound would a l so  be decomposed in to  a dark, amorphous a 



URANIUM, WEIGHT PER CENT 

Figure  13 

TIIE ALUltiINUI.I-URANI Ul1/1 ALLOY SYSTEI.! 

Fron "Pie p a r a t  i o n  and P r o p e r t i e s  of Aluminum-Uranium 
Alloys"  by  II. A. S a l l e r  TID-65 



TABLE 111 

CEIE?hICAL ANALYSES AND DEFTSITY OF UAl4 

Density, gm/c.,o 
Atomic 

% IJ Measured ca lzu la ted l  ~ o l e d  ~ ~ : b s t i t u t i 0 ~ 3  

-1  

L~alotilateci by 2 a 7 G  # Oa 

'calculated by assuming 

'~aloult i ted by assuming 

Theoretical  densi ty  of 

165 x Atomi& $ I! wkLer~3 

wmium s i t e s  vacalt 

subst i iu t ion of A1 f OF 

UA14 - 6.12 eSR/ec 

G0%65 was 

u 

determined experimentally wi3h  5, 10, 15, 20, 
25% U alloys 

68-1 and 75-1  from smooth p a d  of ingot; 68-2 and ' 5 - 2 ,  sough pa r t  
P~ 
F / ,. 



substance, It i s  not known t h a t  the compound i s  not attacked under milder 

conditions, but the r a t e  must be much slower. The most d r a s t i c  conditions 

which are  considered sa t i s fac tory  f o r  t h i s  work was a b o h  2% NaOH a t  40 6 ,  

The material  which was separated fram the  f i ne s  was examined under the  mio-  

roscope and found t o  be long, uniform grains a l l  looking a l i ke  with a f a i r l y  

bright surface. X-ray studies gave no indications of impurities. These 

grains could be broken easily.  

The remaining compound was prepared in a somewhat d i f fe ren t  manner, 

Pieces of uranium were placed i n  melts of aluminum calculated t o  give UAla, 

Ulqs and W15 i n  composition, The melt was held a t  740 C f o r  6 hours and 

then furnace cooled overnight. There was enough aluminum present so  t h a t  

most of each ingot was UA14 with pos s ib ly t r aces  of f r e e  aluminum and UAl3, 

The Ula a s  formed was massive, but the  UA14 was porous a t  some places, No 

d i f f i c u l t y  was experienced in d r i l l i n g  out samples f r e e  of UAlg except t h a t  

the  compound was hard and pyrophoric, A NaOH leach was used t o  remove the  

aluminum, and a weak HNOS wash was used t o  remove any mater ia l  not compound. 

It i s  lmown t h a t  t h i s  ac id  w i l l  a t t a ck  the  compound readily, but the large 

spec i f ic  area was r e l i ed  upon t o  reduce the undesirable portions, No 5n- 

pur i t i e s  were detected by means of X-rays, Amounts of UAla which would 

ser iously  a f f ec t  t he  r e su l t s  should be e a s i l y  detectable since there  a re  small 

differences i n  chemical composition and density be-hrleen UA13 and Ulllq. 

Samples were taken fram rough areas which seemed t o  have an excess of alumi- 

num and smooth areas adjacent t o  the  UAlg, These were analyzed separate ly  

but only a s ingle  analysis on each, It i s  seen t h a t  there  i s  no s ign i f  icarrt 

trend, On the  basis of t h i s  work, the  composition of TIA14 would seem t o  be 

65.5% uranium with an a w r a g  deviation of 0.5%. * 



Because of t he  nature of the material ,  spec ia l  care  m s  used i n  measuring 

t h e  densi ty  by loss  of weight i n  l iquid.  A small, g lass  bucket which would 

hold about 0.5 gm of compound and weighed l e s s  than 0.2 gm was used., After  

exercis ing specia l  care t o  insure t h a t  no a i r  bubbles were entrapped i n  the 

material ,  i t s  weight i n  CC14 was compared t o  i t s  dry  weight with appropriate 

corrections f o r  the  weight of t h e  bucket. It has been found t h a t  the  results 

a re  r a the r  reproducible . 
In some other work it was found t h a t  t he  change of dens i ty  i n  grams per 

oc f o r  a u n i t  change i n  atomic per cent  uranium in aluminum i s  Oe165 a s  de- 

termined i n  a s e r i e s  of uranium a l loys  up t o  25 weight per cent uranium. The 

accuracy of t h i s  f igure  i s  not hown, but t he  data when p lo t ted  gaw er s t r a i g h t  

line. This value was used t o  calcula te  t he  densi ty  of the  compound using t he  

campositions as  l f s t ed ,  It i s  noticed that the  measured dens i t i es  a r e  always 

lower and by a p p r o x h t e l y  the  same amount. This i s  not unexpected since 

t hem are  more reasons t o  expect a low answer. One reason f o r  t h i s  i s  shown 

by a subsequent m i c ~ o s t r u c t w e  where it i s  seen t h a t  t h e  compound i s  in t he  

form of hollow needles containing alumhum. Sample Y-15 is  t he  only one in 

which t h i s  could be expected. Another reason f o r  low values i s  t h e  p o s s i b i l i t y  

of entrapped a i r  during t h e  densi ty  measurements. 

It i s  concluded t h a t  the  compound can have a composition considernbly 

r i cher  in aluminum than UA14, but it was not shown beyond doubt t h a t  it could 

not haw t h e  composition of UA14 under some conditions. VJhen aluminum i s  i n  

excess, as  i s  t he  usual case, the best  formula seems t o  be about UA14.850 Ass 

has been shown before, t he  be s t  cor re la t ion  of analyses, density, and s t ruc tu r e  

i s  obtained by assuming t h a t  some of the  uranium s i t e s  are  vacant. 
7 



It is  d i f f ioul t  t o  determine the range of oamposition whioh U4,14 caa 

exhibit s h e  it was newr  eatablished tha t  the oompound as prepared was 

saturated with aluminum except i n  the oase of Y-15, For the other samples 

the degree of saturation or depletion is  not h w n .  The ohemioal analyees 

are not believed t o  be too reliable,  The temperature whioh t h i s  oomposition 

range represents i s  not known sinoe the samples were elow-oooled, 

Ilemral alloyu of uranium and alminum--and i n  some oases, a th i rd  element 

I-mre made up i n  order t o  study the formation and nature of the oompounde 

formed in the uranium-alminm e yatem, This work was done t o  determine the 

reason for  the three phases present i n  some alloys and, also, t o  investigate 

the nature of the effeot of a th i rd  elemsnt on the diffusion rates in the 

syeteni. The work i s  discussed by oonsidering the formation of the alloys 

i n  the binary system and then the ef fec t  of the t h i r d  elements, The phase 

diagram i s  given i n  Figure 13 in order t o  a s s i s t  the interpretation of the 

resul t s  

The resul ts  are best shown by pictures with descriptions. In Figure 14 

a motion of an ingot of a l loy  is  shown i n  which a uranium slug 3/4" long and 

1.1" diameter was placed i n  molten alunbum at  950 C and held for  2$ hours 

followed by a quench, Bere the uranium i s  seen t o  have been par t ia l ly  con- 

sumed by the formation of intermetallia compounds, Almost a l l  the compound 

shown has been identified as U l 3  with possibly a small mount of U12 next 

t o  the uranium, There i s  a -11 amount of UB14 as  primary crystals,  Although 

much of the UAlg is i n  the form of mall grains, it was never i n  solution 

but appears as a resul t  of the breaking away of surface layers of MI3 formed - 



WJIUJ! !  SLIRT (4,h8' x 1,'i dia, ) PLACED I U  ALUIlT.JUJ6 
AT 950 FOR 2-1/2 ROLRS ME) QIEETCIED 

~ k g n i f i c ~  ti on 2X 3teh none 
Spec.,amen No, 514 Pie twe  Bo, Y-544 

The center pa.rl  is uranium ~5th possibly 
a t h i n  coating of U12 and t'hen a h e a ~ ~  
coating of UB13 ~ o ~ a t a f n i n g  cracks, The 
other gray pa.rta pire f ins  craim of UAI3 
which broke o f f ,  A f e w  pr:hmry grains o m  
be sein a% .the $op and are p ~ ' ~ \ h ~ b l y -  U14, 



by t h e  uranium-liquid aluminum d i f f i s i o n ,  The bottom of t h e  i ~ g o t  i s  c a p c s e d  

of a l l  small p a r t i s l e s  of UA13 from t h i s  source w i t h  a small m o u n t  of a'E~m.i- 

nun surrounding them, An a n a l y s i s  here would give more tkm 60% a~rlr~Iw,11, 

Tho next  photomicrograph, F i g w e  15, shows how tho  massive UAlg oonpou~d i ~ !  

broken up by %he acvtion of t h e  melt ~ n t o  the smll grams. Tha Iigh8t regicm 

is t h e  s o l i d  W13 shown i n  t h e  las t  p ic ture ,  while t h o  dark f i e l d  fe %he 

aluminum. It  appears t h a t  t h e  molten aluminurm a t t a c k s  land pone%rates the 

g r a i n  boundaries allowing t h e  small p a r t i s l e s  t o  form, These pa r . t i e l e s  

u s u a l l y  have r egu la r  geometric ~ h a p e s .  

The next s e r i e s  of pictures--Figures 16, 1% and 18--mre made from 8a 

similar ingot ,  bu t  only  h a l f  a s  much uranium was used so that ihera was no 

f r ee  uranium l e f t .  About 90% of" t h e  uranium l a y  i n  t h e  bottom i n  t h e  form 

of the small, g ra ins  of UA1 as shown in  the lower p a r t  of the  f Frs t p i  c t u ~ e .  

The a n a l y s i s  of t h i s  a rea  near the  bottom was 6272 uranzm,  ma mcmt  of 

UAlq was t o o  small t o  d e t e c t  by means of X-ray s tud ies ,  I t  i~ aasumed t h a t  

the  primary g ra ins  d i r e c t l y  above the  equiaxed grains w e  only  U13 because 

t h e r e  i s  not  much U14 in t h i s  area,  and t h a t  p resen t  was assumed formed 

from %he e u t e e t i e o  The t o p  of  photomicrograph, Figure 17, shows t h e  f f ~ s t  

primary wains of UA14, The botbom el1 be notfoed Lo be %he a- a ia 

t h e  p r e d o u s  photomicrograph s ince  the  two a c t u a l l y  overlapo These s m a l l  

g ra ins  of ?Alq extend only  a d is tance  comparable t o  that of primary Ulg 

which i s  shown. It t h e n  formed bi l a r g e r  g ra ins  which extended tao -the eutse- 

t i c  composition inmediately above t h e  next photomicrograph, F f g x ~ 9  16. T h 1 ~  

last  photomicrograph shows f i n e  euteetaic and p a m r y  UA14, No uAla was de- 

t e c t e d  by  X-ray above t h e  region  shown i n  the  bottom of F i g w e  17, Figures 1 

shows t h e  usual  form of t h e  primary U4 and t h e  hollow needles men%ioned 

before. A s  found by o t h e r  inves t iga to r s ,  a divorced e u t e s t i c  i s  slaom, 



PHOTOBIICROGRAR~ m,O UGH A UR,aP.TIU?d-AEUI I14JTR-1 
INGOT S ~ I ~ J N G  THi2 ATTACK OF THE: U13 BY TIE3 LELT 

Magnff f oat f  on abeu*, IOCIX Btoh NaOH 
Specimen Noe 514 Bfctms No, Y-658 

Uranium in aluminum at 950 C for %$j hours and qta@nef.aed 



PHOTOMICROGRAPH TRROUGK A W I T m 4 - A L U B I m m I  INGOT 

Magnff i.eatf on 100 X &oh NaOH 
Speeimern No. $87 Picture  No* Y-598 

The large grains a re  U413 which were formed 
by di f fus ion and were nemr in solution,  
The broken dendrites a r e  primary UBlg with 
some UA14 present. 



PHOTOMICROGRAPH THROUGH A ~.J IT~~!=AL~dI ISC,TT1 IWGOT 

BdagneEfeation 10QX %eh NaOH 
Specimen No. 487 Picture No, P-597' 

hc;a't;fon 0,035' abom F i g w e  15 

The brolLzen deradrlRes arc IIlil? while the 
others are primary UAb4e ~ h e " ~ f  ine lIA14 
s t ruc ture  exbends 3nly about 0,050n and 
then lwger grains of UA14 are f omed. 



PIIOTOMICROGRILFH THROUGH A URAEJPUAAALW~IINW INGOT 

k g n i f  i c a t i o n  1OOX Gtah NaOH 
Specimen l b o  487 P i c t u r e  No, Y-549 

Locat f on 0,4Ot%~bow F i g u ~ e  15 

The p r . h r y  g ra ins  are W14 surrounded 
by euteetic,  Note the divorced euteet ie  
around the pr imary grains0 



The foregoing r e su l t s  suggest nothing i r regular ;  but some work done 

e a r l i e r  on a s e r i e s  of a l loys  containing up t o  25% uranium always resu l ted  

in a mixture of TIBl UA14, and aluminum. The summation of t he  data  is 3 

given in Table IV. The f rac t ions  l i s t e d  in the tab le  r e f e r  t o  the r a t i o  of 

U14 t o  the  sum of TJA13 and W114 a s  determined by X-ray d i f f r ac t i on  work. 

These f rac t ions  were determined by dividing the  sum of UA14 l ine  i n t ens i t i e s  

by the sum of UA13 plus W14. The sums were taken betwen 2Q of 20 t o  50 

degrees. How close t h i s  method gives the  ac tua l  r a t i o  i s  not known; but, 

because of the  e r r a t i c  l i ne  i n t e n s i t i e s  given by an X-ray spectrometer, no 

refinement was considered warranted. The r e s u l t s  a r e  reproducible a s  ape 

shovm by duplicate runs, A s  i s  now known, the  presence of s i l i c o n  i s  the 

cause of t he  UA13 in these alloys.  Holding a t  t he  elevated temperatures 

reduced the amount of UA13 i n  contras t  t o  rapid cooling which increased it. 

It i s  shorn by slow-cooled samples t h a t  the  primary 11[1113 removes the  s i l i c o n  

and gives a two-phase eutect ic .  

Before the cause of the discrepancy as  described above was known t o  be 

caused by small amounts of s i l icon,  it was decided t o  make up four uranium 

al loys  containing a small amount of the more common impurit ies in aluminum 

--silicon, magnesium, copper, and iron. X-ray s tudies  on them shovred that  

the uranium was in the form of UA14 in the  copper, magnesium, and i ron  alloy8. 

I n  - h e  a l l oy  of iron, however, there  was a t h i r d  phase which was not FeAlg; 

so it must haw been a compound of i ron  and uranium with o r  without some 

a l m u m .  No t h i r d  phases were detected by X-ray d i f f r ac t i on  i n  the  copper 

and magnesium al loys ,  The a l l o y  containing s i l i c o n  d id  not haw any UAl4; 

instead, it was a l l  U13 with a sh i f ted  l a t t i c e  parameter. This a l l o y  is 

l i s t e d  in Table V which g i w s  a calculated per cent of subs t i tu t ion  of" s i l i c o n  



ANALYSES OF SE8IES OF AtUMINUM ALIX)YS 

RHICH CONTAINED FROM 5% TO 25% U A.ND SMALL AMOUNTS OF SILICON 

Nominal 
Composition Actual Composition 

U S i  Mn 

2 
Ratio of UAl4 t o  U14 { UA13 

As Heat 950 C 950 C 
Received Treated Quench Slow Cool 

087 096 841 .68 bottom . 92 .89 1.0 eu t ec t i o  

.88 . 92 e25 bottom .!54 . 75 098 .42 top l o o  eutect io  
055 top  

'Analyses a r e  of questionable validity.  
%at io  determined by x-ray l i n e  i n t e n s i t i e s  

The a l loys  quenched from 950 C showed segregation i n  t h e  
20 and 25% ones, while those which were slow cooled showed 
segregation i n  the  15% also.  The mount of segregation was 
about twice as  great  i n  the  slow cooled ones. The coolfng 
r a t e  was about 175 C per hour t o  600 and then room cooled. 

The heat-treated ones were held a t  450 f o r  12 days o r  
350 fo r  36 days. 



TABLE V 

LATTICE PARlBMETER OF UAl?; I N  SILICON-URANIUM-ALWNUM ALLOYS 

% % o.f Total 
*o Replacement Si i n  ~ ~ 1 3  
07 

Bonded slug2 - Uranium Side 4. 17 3 9 

Bonded Slug - Aluminum Side 4.21 2 2 

'calculated by using for  UA13 a. 1 4.26, and fo r  US5 a0 z 4.03 and a 
l inear  change of a, with aluminum replacement. 

%lug bonded by Hanford method untreated. Can peeled off and puns made 
on the  two surfaces. 



fo r  aluminum i n  the compound. The photomicrograph i n  Figure 19 shows the  

microstructure of the magnesium alloy, This s t ructure  i s  not modified 'by 

the presence of the magnesium. It was found, however, t h a t  the a l loy  was 

rnuch harder than a corresponding uranim-aluminum al loy,  The rnicrost.ruotwz~e 

f o r  the s i l i con  alloy, Figure 20, i s  much different  than a binary a l loy  o f  

the sane uranium composition, The hardness i s  about the same as t h a t  found 

Tor the same concentration of uranium i n  a binary al loy,  Tho aluznfn~xri fitill 

has about 0,6$ s i l i con  i n  solution o r  precipitated. The amount of s i l i con  

which i s  necessary f o r  a l l  the uranium t o  be i n  the form of UBlg i e  not 

hown, but it must be rather  small since no s h i f t  of parameter has been 

noticed in compiling data l i s t e d  i n  Table IV, A s h i f t  of as  much as 0.3 

degree would have been noticed if present; so the amount, of s i l i con  in khe 

UB13 must have been less  than about 8% of the aluminum present i n  %his corn- 

pound, The s i l icon  analyses fo r  the  three al loys containing the l e a s t  amourit 

of uranium must be i n  error .  

The other data i n  Table V show t h a t  the empound which f o m s  on t h s  

bonded uranium slug has a higher silfoon-to-aluminum r a t i o  than does the 

aluminum-silicon eutectio. A melt was made containing about 155 uranium with 

a sodium addition i n  an e f f o r t  to modify the a l loy  a s  i s  done with aluminum 

-s i l icon alloys,  The addition was larger than desired, a.pproxfmately one per 

cent, but did not give any changes observable by X-ray d i f f rac t ion  o r  metal- 

lography. On the basis of t h i s ,  it i s  believed t h a t  a sodium addition xi11 ' 

not affect  the grain s ize  or s t ructure  of uranium-aluminum alloys. 

DIFFUSION VORR 

Since it was observed t h a t  the presence of s i l i con  between the can and '; 

the uranium slug reduced %he diffusion pate, it was thought possible %hat 



Second phase i s  all VACh14. 
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other elements alloyed with the aluminum might be more effootivw In  reducing 

the  diff'usfon ra te ,  Then, too  (as  has prer iously  been shown) it i s  d i f f i c u l t  

--if not impossible--to ge t  quant i ta t ive  r e su l t s  from furnace kes t s  since %he 

reason f o r  f a i l u r e  and the time are often not knovdn; and, even i f  they were, 

experience has shwm t h a t  there  i s  no reason %o expect ugifosaji mm~mvmn r a t e s  

from such t e s t s .  It then seemed desirable t o  be able  t o  per fom more qmnkf- 

t a t i v e  t e s t s  with more types of di f fusion couples without the involved process 

of canning the  slugs i n  t he  various aluminum-base a l l o y  ~ a c k e t u .  In orde r  -t,o 

f u l f i l l  these requirements, a s e r i e s  of diffusion s tudies  referred t o  as 

"sandwichq' s tudies  was in i t i a t ed .  

For the  dif fusion of two metal phases, t he  process can be r=epreserl%ed 

by the equation 
I - 

L = B2 (1)  

where L i s  the  thickness of any new phase formed or the distance between 

points of f ixed  composition, Tims i s  represented by t, and D i s  a dif fusion 

coeff ic ient .  A few systems a re  known f o r  which t h i s  equation does not hold, 

but t h i s  i s  believed a r e s u l t  of cracks o r  extremely thin layers,  L h i t e d  

experhenta l  data on the  uranium-alminum system support equation 1, 

A modified .form of the Dushman and I;angmuErua equation 

i s  val id  a s  long as there  are  no phase transformations wlthin the  temperature 

range considered. B i s  a constant, R the  gas law constant, and T the a l~so l~~x te~  

temperature, The term Q i s  known as the  heat of" di f fusion analogous t o  the 

heat of ac t iva t ion  i n  chemical reactions. It can be shown that, f o r  the  

binary system where there a r e  more than one new phasse th5s  Q i.s ac tua l ly  a 



composite of the Qqs fo r  each layer when the thickness used i n  equation 1 

i s  the t o t a l  of a l l  the phases, Combining equations 1 and 2, the  thickness 

of the products of diffusion i s  given by 

Even when a t h i r d  element i s  present, these equations seem t o  h o 1 d . a ~  

long as the  temperature under consideration does not involve the  appearance 

or disappearance of any new phases, 

In t h i s  investigation the t o t a l  thicknesses of the compounds formed by 

the diffusion of uranium and aluminum were used, The value of Q, then, d ~ e ~  

not have an exact meaning, I f  it had been possible, however, t o  measure the 

thickness of each layer, independent values of Q could have been ob-t.ebined, 

The terminal solid solutions i n  the binary system under study a m  m r y  

l h i t e d ,  and, so, can be ignored, 

m e n  two metals diffuse together, a l l  the intermediate phases s table  

a t  tha t  temperature should be formed, The re la t ive  amount is a function 

of several factors,  Two of these factors  a re  the diffusion ra te  and eom- 

posit ion range of the phases, I n  a ternary system 1% i s  believed tha t  the 

kind and order of the phases are given by a s t r a igh t  l ine connecting the  

two i n i t i a l  compositions on the i s o t h e m l  section of the ternary phase 

8 
diagram a t  the temperature of diffusion, 

R t h i rd  element might do several things when it is  present, It could 

change the re1,ative s t a b i l i t y  of the d i f fe ren t  phases, form binary or ternary f 
compounds, or possibly be so insoluble i n  any phase t h a t  i t s  influence would 

be mechanical. Since a system with a t h i rd  element i s  so complex, only a 

few of the possible e f fec ts  are mentioned here. This study was concerned 

with additions t o  the aluminum, so the discussi.on w i l l  be limited t o  these 



oases; but similar reasoning would apply for  the  other oases. I f  t he  addi t ion 

formed a compound with the  aluminum which was  s tab le  i n  the  presence of the  

uranium and whioh did not change the  s t a b i l i t y  of any phases, then i t s  e f f e d  

would be mechanical; i.e., t he  diffusing atoms would have t o  take somewhat 

longer paths t o  t r ave l  t he  same distance. This type of interference i s  

ine f f i c i en t  since the  e f f ec t  would be approximately proportional t o  the 

volume of t h i s  phase. Since a reduction by a fac tor  of a t  l e a s t  two i s  

desirable, t h i s  method i s  not very useful. 

The next way i n  which the  t h i r d  element could change the  d i f fus ion  r a t e  

would be t o  change the  r e l a t i ve  s t a b i l i t y  of the  dif ferent  compounds and 

thereby increase or  decrease the  dif fusion rate.  The possible magnitudes 

of such an e f f ec t  are not obvious. A t h i r d  way i n  which a change could take 

place would be by the formation of new compounds or  phases not present i n  

the  binary system. I f  these phases were discontinuous layers, then the  

e f f ec t  would be p a r t l y  mechanical. 

It has not been shown t h a t  the new phases w i l l  be continuous, the  form 

i n  which they would have the  grea tes t  e f f ec t  if they were more s table  than 

the  other o r ig ina l  phases. Observations h a w  been made which suggest t h a t  

i n  some cases the layers are  continuous, and i n  others t hey  are not. As 

mentioned before, it i s  thought t h a t  the  new phases w i l l  form in continuous 

layers. Examiaation is  d i f f i cu l t ,  however, since a l l  the  compounds have 

s imilar  appearances and, in general, cannot be iden t i f i ed  or distinguished. 

The scope of t h i s  work included dif fusion s tudies  on binary and comer- 

c i a 1  alloys of aluminum with project  grade uranium and did not consider the  

use of other combinations. I n  the beginning it was not rea l ized  t h a t  it 



f o r  the  dew l o p e n t  of sui table  techniques. A de ta i led  account i s  attempted 

only of the bes t  procedure found, and most of the  r e s u l t s  are  based on runs 

made i n  t h i s  manner. 

Those alloys bearing a s  "A" number were prepared i n  t h i s  divis ion by 

melting aluminum i n  a graphite crucible and adding the a l l o y  element. After 

being s t i r r e d  a t  a high temperature f o r  a time thought t o  be long enough 

f o r  solution, the  m e l t  was ca s t  in to  an ingot about 1y x x 4" fo r  rol l ing.  

These ingots were then hot-rolled t o  1/16' p la te  from which samples were cut 

with a metal band saw, The numbers below A-28 were made with commercial 2s 

aluminum, while those above were made from 99.9% a l u m h u m .  

The uranium was ro l led  from standard slugs using e s sen t i a l l y  the  following 

procedure. Best r e s u l t s  were obtained by giving the  uranium about 20 t o  4% 

reduction i n  some f i v e  passes between anneals. In order t o  keep the grain  

s i ze  small and t o  g i w  a good surface, it was necessary t o  anneal the  uranium 

i n  the  alpha range. A 1 1  the annealing was done under wcuum, vhi le  a s i l i cone  

o i l  h t h  was used t o  keep the uranium a t  300 C f o r  rol l ing.  The material  mrka 

nu& be t t e r  when kept a s  near t o  300 C a s  possible since only a few degreess 

drop i n  temperature makes the  uranium much harder. The slug was kept round 

down t o  about 3/8', and then the  round rod was put through square passes m t f l  

it reached about O02OW. It was then passed through f l a t  r o l l s  and would 

spread t o  about 3/8" in being reduced t o  about 1/16' thick. Since it had 

t o  be reasonably s t ra igh t ,  the  uranium was held on edge across an  anv i l  

while hot and s t ruck on the  edge with a hamner. Pers i s ten t  straightening 

resul ted in good material ,  The lengths were then cu t  off  with an abrasive 

cutoff wheel with a soluble o i l  and water coolant, 

Cleaning proved t o  be one of the hardest problems connected w i t h  t h i s  

study, It i s  observed that uranium w i l l  f o m  an oxide coating at  room tempera- 



t u r e  requiring only a day t o  yie ld  a dark blue coate Aluminum a l so  oxidizes 

a t  room conditions; but, since i t s  oxide i s  c lear  or white, the  appearance of 

the  surface is not  changed. Chemicals used f o r  cleaning would not be completely 

removed from the surface by simply drying a s  i s  amply demonstrated by vacuum 

work. Such things a s  touching the  samples with the  bape f ingers  m d  cleaning 

a day o r  more priop t o  assembling was obviously never considered good tech- 

nique, hut i n  the s t a r t  of the work it was not rea l ized  how much e f f o r t  would 

be required t o  give s a t i s f ac to ry  resu l t s ,  To begin with, t he  urmiurn was 

cleaned i n  n i t r i c  acid, washed i n  d i s t i l l e d  water, and then dried wi.t.h abnolute 

ethyanol immediately before assembling, while the aluminum samples rese%.md 

s imilar  treatment except that rsodium hydroxide and/or phosphoric aofd were 

subst i tu ted f o r  the n i t r i c .  This did not work too well, p m s m , b l y  beeawe 

some of the chemicals were adsorbed on the surface and reacted on hasting 

without an opportunity t o  escape, This gave junctions which i n  many eases 

did not diffuse a t  a l l ;  and, when they  did, only loca l  areas diffused resmlt.ing 

in peaks of compound. 

Next it was decided t o  remove the  surface oontaining adsorbed makerials 

by the  use of abrasive papers. This was t r i e d  on several  samples, but still. 

the  r e s u l t s  were not so good a s  desired, Chemical cleaning was then re t r ied ,  

but it was followed by a vacuum degassing operation BO t h a t  a s  much of the  

material  would be removed a s  possible before react ing w i t h  the surface. 

The most refined technique used consisted of cleaning the  aluminum in 

2% NaOH solut ion a t  40 C f o r  3 minutes followed by A. 5&ute e tch  in 2% 

H3F04 a t  35 C and then a dist i l led-water wash. The uranium ~ I B  cleaned with 

35% FINO3 a t  40 C f o r  15 minutes and than a 1% HNOg wash fo r  30 minutes followed 

by d i s t i l l e d  water* The mater ia ls  were dr ied b a l igh t ,  b lo t t ing  ac t ion  a d  

M 



then p l a ~ e d  immediately i n  a vacuum furnaee, Afker being puanped down, %he 

furnaee was turned on and the tempera.twe advanced to 320 C i n  "h7 0n.al.t;sa~ 

with the pressure never ex:ceeding O o O l  micsron, ARar c.oo'l.h-ig b a ~ k  ,to Yocxrn 

t~rnper&ure~ the furnace w a s  opened; and %he aluminrun a P l s v  and ,?:he ~r~on. i .~~ .m 

were assembled i n  alternate layers by using rubber glo.ms, The p : i s t u ~ e  in 

Figupo 2 1  i l l u s t r a t e s  the various s.hges. In. Eeae than om hozug the smple.aa 

had been loaded :fn a t ens i l e  machi.ne ,to 12,000 porrndv .w:ith A, d6fo.mti~forr. r r f  

about OaE inch per inch, b s %  of .the speei~nens were then see.l.ed, in g1.a-:; 

under vacum while heating %o 300 C f o r  outgassing, They mre then placed 

b 

i n  a f m e e  fo r  the required % h e s o  A few &-me were mde in a m ~ u m  fur- 

nace 0 

After cooling, the specimens were rernomd and mounted cold.-aetr;.ing 

p las t ic  before cutting wf %h an abrasive wheel. The samples were then polished. 

before being examined and measured under the microsoope, F i g u s  22 shows a 

repmsentat im layer from a run which gave good re su lkao  

It was very di.fficu$..L t o  g e t  reproducible results since i e  .ra.bt;a axe 

so s ensitive t o  p r o p a r a t i  on. Th.is di. f f  i c u l t y  caused a w~i d-e. a2rsad of potnts 

as is shown graphically by Figures 23, 24, and 25, Here log D is p%e~t ted .  

against the reciprocal, of absolute temperatws, The t h f ~ h e s s o s  uasd mr'e 

measured by means of a microscope and represent %he max:ianum ,values ~ k s  tihe 

layer, and the DQs were calculated by th .o  use of equation I., The higher 

values are  from l a t e r  runs where tke techniques were bettor,  

RESULTS OF DIFFUSION STUDIES 

It w i l l  be noticed t h a t  D a t  550 C varies by s factor of 100 fo r  2S 

aluminum, This means that in one i n s t a e e  it was poas%bl.e t o  get the cam- 

pound layer 100 t h e s  as  thick as mother a t  ,the same Z . b e ,  Thi,s 3,:s a fa@ 
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of 10,000 f o r  the  time t o  penetrate a giwnthickneshs. Since it i s  known 

t h a t  poor preparation reduces d i f fus ion  ra tes ,  it was general ly  assumed that 

the  highest  points which were obtained mu ld  be most near ly  corvec%, There 

~vould, however, be sca t te r ing  about the  cor rec t  'values because of coxipositiorn 

variat ions.  The magnesium d i s t r i bu t i on  i n  the  ureuiium i s  not known; u d  the  

peaks were measured f o r  determination of the  maximum r a t e s ;  so it 9s very 

d i f f i c u l t  t o  evaluate the  sca t te red  points. With t he  e a r l y  procedure i t  was 

eas i e r  t o  get more reproducible r e s u l t s  a t  higher temperatures; howemr, 

~ 5 t h  t h e  more refined procedures the  lower temperatures were f ea s ib l e  except 

t h a t  they  required longer times, Original plans ca l led  fo r  extrapolat ing 

the  data from the  higher temperatures t o  250 C f o r  tho determination of 

d i f fus ion r a t e s  under p i l e  conditions. By t h e  examination of the  graphs, 

however, it i s  seen t h a t  t he  inaccuracies a t  t he  higher temperatures a r e  

g r ea t l y  increased by extrapolat ion t o  a l o ~ m r  temperature, So, t he  D f o r  25 

aluminum a t  250 C is almost c e r t a in ly  not known by be t te r  than a f ac to r  of 

two This represents a f a c t o r  of four i n  t h e  t o  f a i l u r e  f o r  a slug, 

The two other graphs show r e s u l t s  from high-purity a l u m b ~ m  and a 4.88% 

bismuth-alminum a l loy ,  A t abu la t ion  of the  data i s  contained in Appendix I f ,  

Since t he  m s u l t s  on the  b i m u t h  a l l o y  f a l l  so far below the  r e su l t s  f o r  2S 

and high-purity aluminum, there  can be no question t h a t  the d i f fus ion  rates 

a r e  g r ea t l y  reduced, 

The data on the  binary almdnum a l loys  ape contained i n  Table VI, 9Rfifle 

those on the  c m e r c i a l  a l loys  a re  in Table VIP. When incomplete r e s u l t s  am 

l i s t e d  under four  temperatures, t h i s  i s  an  indicat ion t h a t  the  data were 
1 1 

i n su f f i c i en t l y  accurate t o  permit log BZ and Q values, When log B~ and & 

values are  given, tho D fit equation 3 and a r e  not  
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TABLE V I  (contsdo) 

Alloy 
Number 

Concen- Cross 1 
tration, % Section, Barns Log B~ 

2 e46 505 

0.79 6 

0042 30 

1035 

Element 



Concen- Cross 1 
tration, % Section, Barns Log BZ 

1.14 

1 51 3.0 2.36 

lo66 6-0 

40 62 5.23 
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Alloy 
Number 



TABLE VII 

Alloy 
Number 

REXIILTS O F  D I F F U S I O N  S T U D I E S  O F  COWRCIAL ALUMINUM ALlOYS AND URANIUM 

1 
Log B Z  

4.43 

3 84 

4-87 

4.26 

3.42 

3.03 

5.11 

6.12 



necessarily experimentally determined. No values of D below 350 C were 

experhental ly determined, 

In calculating the times fo r  fa i lure  from the D values giwn, the  Rhiek- 

nesses used should be 1.55 times t h a t  of the aluminum since the u r a n i u m  con- 

t r ibutes  t o  the thiclcness. Using a can thi.ckness of 0,030" and the D values 

l i s t ed  i n  the tables,  the time f o r  can penetration a t  250 C for  99.9% a l d -  

num, 25 and 4,88$ bismuth-aluminum a l loy  are, respectively, 5'7, 1000, and 

49,000 days while a t  550 C the times are 0.1, 0,,25, and 2000 days. It is 

believed tha t  the t rue difference between the 2S and 99.9% aluminum a t  250 C 

i s  considerably less  than shown, the discrepancy resulting from inaccurate 

data. The rates for  aluminum are rather high i n  contrast t o  the low ra te s  

fo r  the bismuth alloy. Based on these resul ts ,  the relat ive effect  of the 

bismuth improves with increased temperatures, 

No conclusions can be reached as t o  hovi the values of D are  affected 

by the concentration of the element added. It i s  believed that  the presonce 

of relat ively small amounts of magnesium increase the diffusion ra t e  of 2S 

as shorn by the resul ts  on magnesium-bearing alloys, both binary and eommer- 

cfal,  The data for  high-purity aluminum f a l l  too close t o  t h a t  of magnesium- 

bearbg a l l o p  t o  allow any conclusion, For sllicon-bearing a l l o p  Rhe resu l t s  

haw been too e r ra t i c  t o  allow comparison over a range of temperatures; how- 

ever, at elevated temperatures a decided e f fec t  can be seen. I f  similar Q 

values are assumed, t h i s  advantage would be maintained a t  lower temperatwea, 

Most of %he resul t s  on the binary alloys suggest s l igh t  improvement i n  res is -  

tance t o  diffusion; howemr, the most promising a l loy  additions would seem t o  

be beryllium, antimony, and bismuth. Bismuth wou1.d seem t o  be especially 

recommended because of i t s  low cross section and low solubi l i ty  in aluminum, -* 



Also, i t s  high density would mean t h a t  appreciable amounts of t h i s  second 

phase wa,uld not d r a s t i c a l l y  a l t e r  the  properties of the alud.numo hryE9im 

and antimony would be s imi la r ly  recormended except t h a t  beryllium has a law 

density, and antimony forms a compound ~ v i t h  resu l t ing  l o s s  i n  density and 

amount of f r e e  aluminumo There were no experimental resu l t s ,  horvemr, t o  

aupport these  conclusions r e l a t i ve  t o  the  change of physical properties of 

the aluminum. 

The approximate composition of the diff'usion layers  as  determined by 

X-ray d i f f r ac t i on  m r k  i s  given i n  Table VIIIo The f r ac t i on  of compound was 

determined a s  prePiously described e a r l i e r  i n  the  report ,  The only samp1.e 

i n  which the  ccunpound U14 could be de f in i t e ly  iden t i f i ed  was a 2% magnesium- 

aluminum a l l o y  which gave a maxhum diffusion ra te ,  h n  then, the amount. 

was very small, estimated t o  be l e s s  than 1g0 The second run, XR-2, had 

identicral treatment but f a i l e d  t o  diffuse in sa great  amounts. This was 

assumed a r e su l t  of an interference layer i n i t i a l l y  between the duninurn and 

uranium, I f  it i s  assumed t h a t  t h i s  res is tance layer always remained next 

t o  the aluminum and the  almninum atoms pass through, then it i s  e lea r  th% 

no uA14 should be found, but t h a t  approximately the  same t o t a l  amount of UAI2 

would be found provided some U13 was present, Fpom the  thicknesses obbained, 

t h i s  i s  seen t o  be approximately the  case. In the next sample, XR-4, the  

dif fusion r a t e  again m a  low; and Ell4 would not be expectedo In  the 1as.t 

two runs there  was more than enough s i l i c o n  present so tht the forrnatfon of 

UA14 would be completely suppressed, and only U813 and Ellk? should be found,, 

It would seem t h a t  the higher concentration of s i l i c o n  i n c ~ e a s e d  the  r a t i o  

of U812 t o  UAl j ,  
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CONCLTIS IONS 

This investigation has not made it possible t o  dia%lnguiwh clear1 y butvmen 

slug fai lures  by diffusion and those connected with the welds. Very l i t t l e  is 

known about the length of" tune which a faul ty  slug can s%ay 1ntac.t. i n  Qia p i l e  

or the exact nature of the fai lure.  Also, no rea l ly  rel iable  data are emEl.- 

able on the m i n b m  times f o r  fai lure by diffusion a t  250 C and lower and the 

frequency of expected fai lures  a f t e r  t h i s  t h e ,  

As proposed previously, the best solution would seem t o  be the twe of 

4 
slugs which are bonded by the Hanford method. Thiss e,onelusfon is  baaed upon 

the f a c t  t h a t  the diff'usion pates are reduced and t h a t  weld f a i l w a s  are ns% 

expected. No exact prediction can be given as t o  the expected increase i n  

l i f e  of a slug. Since plans c a l l  for  operating the p i le  8% 350 C, once bonded 

slugs ape placed i n  use, the problem of l i f e  a t  t h i s  temperature could be h- 

poPtant. There i s  insufficient evidence t o  predict beforehand the expected 

l i f e  a t  t h i s  temperature. It i s  thought tha t  bonded slugs w i l l  require at 

l eas t  as much time t o  f a i l  by diffusion a t  350 C as  do regular sluga: at 250 C " ,  

The s h o e - t h e  fai lures  resulting from holes i n  the welds are not expo%ed, 

There are indications tha t  the presence of magnesium w i l l  increase +he( 

ra te  of d%ffusion, This may be %he resul t  from the formation sf 1Q2S.i, Then, 

too, it was found tha t  good preparation was not so necessary f o r  the diffueioa 

of magnesium-bearing alloys, It has beon shown that  the magnesium content 

9 
of uranium w i l l  vary and reach 0 ~ 2 %  a t  points, It is asrsumed without def b i t e  

experimental basis tha t  the effect of magnesium h the u~anium would be abouk 

the same as  i f  it were i n  the a l ~ ~ n u m ,  

As f a r  as the effectivensss of the reduction of diffusion pates f s con- 

cerned, there are several other elements which appear t o  be c c n ~  I dr- PO bPy more 



effective than silicon, The most effective one seems t o  be bismuth which hae 

good nuclear properties and would seem t o  a l loy  well ~ 5 t h  aluminum i n  mil 

concentrations which would be effective. 

Very l i t t l e  i s  known about the mechanism by whleh the alloying additions 

reduce the diffusion rate.  In the case of s i l icon it is known tha t  s i l i con  

has a tendency t o  replace aluminum i n  UAlg out of proportion t o  its ssneen- 

t ra t ion  and oompletely prevents the formation of UA14 when in relat ive1 y e8meal4. 

concentratio-. 

On the basis of what i s  now known, the use of bonded slugs %s the best 

solution t o  the problem and i s  a step which certainly seems warranted, Thore 

are f a c i l i t i e s  existing with trained personnel now which could, with possible 

additions, perform the job. A l l  resul ts  o b t a i ~ e d  t o  t h i s  t h e  indisa%e khuk 

the change would improve the operation of the pi le ,  There i s  no appaasnt ob- 

jection t o  the step except the s l ight ly  increased costs of mmufneture. On 

the basis of present knowledge, it i s  believed that  the use of bonded slugs 

i n  the pi le  a t  350 C w i l l  resul t  i n  not more than 50$ of the present rate of 

f a i lwe .  The use of unbonded slugs a t  350 C could possibly increase the rats 

by about 20 times. 
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APPENDIX f 

RESULTS OF TESTING OF CLINTON SLUGS AT 250 C 

Number Slug No. Type of Slug A T h e ,  Rows Results 

1 CBS-1 Bonded 876 Furnace overheated; hence, t he  f a i l u r e  i s  meaningless. 

2 CBS-2 Bonded 876 Fmmee overheated; hence, %he f a i l u r e  i s meaningless. 

3 CS-67 Uwown 5,780 Impossible t o  t e l l  why s lug f a i l ed ,  

8,040 This %;lug was reJso%ed fr0n leak t e s t ,  but it i s  believed t h a t  
i% was sound wi%'r, possibly a l i d  slfgh-ely bulged; 1 ' ,3~feml~~ 
t h i s  was  no t  due bs oxEde as was shown by rat l iogsa~Ls,  Slug 
failed when t h e  f ' -smoe smrheEb-ted, 

9,024 Furnace overheated t~ cause failu~a, 



Number 

RESULTS OF TESTING CLINTON SLES AT 350 C 

Slug No. Type of Slug Time, Hows Re s u l t  ls 

CBS-5 Bsnde d  6,360 N s  exbernal change 

CBS4 Bonded 6,360 No external. change 

CS-18 Class 1 14,560 No external  change. Limited d i f fu s ionand  slug brigh-k, 

CS-2 0 Claaa 1 14,560 No external  change, buk one of few points of diffuaisrr  was abotit 
9% though .  

CS21  Class 1 14,560 S e m r a l  points of dff fus ion but not over 0 ,015~ th i ck ,  Slug 
b~  f  ght 

CS-54 CGebse 1 l 4,560 L h f t s d  d i f fus ion  with a -11 b l f s t e r  on bottom of slug, 
B l i s t e r  repsr ted i n  10  monthr;, 



RESULTS OF TESTING OF CLINTON SLmS dlT 550 C 

Number Slug Nos 

1 CS-246 

2 CS-245 

a csn%7a 

4 CS-2 66 

Type of" Slug 

S l i g h t l y  oxidized 

S l i g h t l y  oxidf zed 

Class 1, f l u x  coated 

Class I 

Class 1 

Claws 1 

Class 1, f l u x  coated 

Class E, f l u x  coated 

Brookhaven 

Bonded 

Bonded 

Class 1 

CPH.SP 'p. 

Class 1 

Time, Hows 

2 1  

45 

48 

9 6 

Resu l t s  

Ruptured a t  weld probably *om h d  weld. 

Ruptured near  weld and presumably from l e a k  i n  it. 

Ruptured a t  weld but  had been dropped. 

Had j u s t  f a i l e d  a t  a  b l f s t a r .  Only a  small amount of 
d i f f u s i o n  and b l i s t e r i n g .  B l i s t e r s  i n  2  daysa 

S e m r a l  m a l l  b l i s t e r s .  B l i s t e r s  i n  2 days. 

Had jusk f a i l e d  a t  a  b l i s t e ~ a  No other  d i f fus ion ,  

About 10% diff 'usion most ly  r e s u l t i n g  i n  b l i s t e r s  cove?- 
ing only  E r idge .  

S lug  b r i g h t  wi th  d i f f u s i o n  on t o p  of ridges. Blister: .  
in a r e a  where dropped. 

Can had bulged but  d i d  n o t  f a i l .  

Furnace overheated, and slug showed i n c i p i e n t  fus ion  
where it f a i l e d .  

Slug b r i g h t  but only w r y  1 - h i t e d  a r e a  of dif  fusf  on not 



TESTING AT 550 C ( c o n t ~ d . )  

Slug No. 

CBS-11 

Type of Slug 

Bonded 

Bonded 

S l i g h t l y  oxidized 

A l - S i  coated 

A1-Si coated 

Bonded 

Bonded 

2 2 CBS-12 Bonded 

Time, Hours Re s u l  t s  

1,102 Furnace overheated t o  cause f a i l u r e .  

1,272 No e x t e r n a l  change. 

1,296 No e x t e r n a l  change. 

1,320 No e x t e r n a l  ohange. 

1,320 No e x t e r n a l  change. 

1,824 1Jo e x t e r n a l  clzange. Used f o r  meta l lographic  s tud ie s .  

1,848 The furnace overheated and caused t h e  can  t o  f a i l .  The 
coa t ing  was p a r t l y  pro tec t ing .  

3,960 This  s l u g  appa ren t ly  had f a i l e d  a t  550 C but had been 
overheated on 2 previous occasions. 



RESULTS OF TESTING OF CLINTON SLWS AT 450 C 

Numbe r Slug Noo 

1 CS-276 

Type of 81% Time, Hows R e s u l t s  

Glass 1 2 4 This  s l u g  was used t.:, sample t h e  gas ir, a  s lug  before dfffusfon.  
Em.mimtion revealed no d i f f u s i o n  and dark slug. 

Class 1 

Class 1 

96 Rupture s t a r t e d  a t  a  p o i n t  of d i f f u s i o n  where t h e r e  appeared t o  
have a b l i s t e r ,  Blf s t e r s  repor ted  i n  2 days, 

12 0  About 5% a r e a  d i f fused  and r e s u l t e d  mostly i n  b l f  s t e r s ,  About 
5% pene t ra t  iono 

Class l 144 This s l u g  had sane 10  b l i s t e r s  and saved f o r  any l a ~ t u r e  gas 
ana lys i s ,  B l i s t e r s  i n  3 clays, 

Class 1 162 It appeased t h a t  t h e  rupture  s t a r t e d  a t  a b l i s t e ~ ,  

Class 1 

Class b  

Class 1 

Clase 1 

Class 1 

Cbassr 1 

Class 1 

b 62 Rather l i m i t e d  d i f f u s i o n  with two  b l i s t e r s .  

2  64 Had about  10  t o  20 b l i s t e r t i  and m s  used f o r  gas amalysfs, 
P 

8 .:? 
Blf s t e r s  repor ted  i n  7 days, 

336 Slug b l i s t e r e d  exLemfvely9 and .th? e m  was s t r ipped  with B;.?L!? 
f o r  a p ic ture .  

360 Slug was f a i r l y  br ight  with a  fev  p i n t s  of  d f f f u s i  on, Two 
small b l i s t e r s .  

8 60 Very l imi t ed  d i f f u s i o n  wi th  only  about 0.015W penetrat ion.  
Slug has blue oxide coating. 

480 Had aboePt 10 blisters appearing f i r s t  i n  3 days. Slug saved 
f o r  g&s a m l y s i s o  

648 Slug rupkured and was c o m ~ l e t e l y  l o s t  t o  oxide, It appeared 
t h a t d i f f ' u s 9 ~ n  had occurred t o  cause t h e  f a i l u r e o  

0) 
m - 



TESTING AT 450 C (con tgdo)  

Number S1w NO, Type of Slug 

13 CS-2 63 Class 1 

14 CS-247 Sl igh t l y  
oxidized 

15 CS-2 5 1 Coated A1-Si 

1 6  CBS-5 Bonded 

Bonded 

Bonded 

T ~ . i s 9 H o ~  f; Re s~lbts 

648 Only a few small b l f  s t e m  were found on the  surface. 

7 92 No change a s  observed from the  outside, 

492 No change, 

4# 452 Furnace overheated and caused the  slug t o  f a i l ,  

4# 752 Furnace overheated and caused the slug t o  f a i l .  

4,752 Furnace overheated and mused the  s lug t o  f a i l ,  



Temp . 
C - 

DIFFUSION DATA FOR 25 ALUMINUM KITH URAMIm 

Time Thf ches s  D 
Hrs. - 0. O O l n  o.ooln T-S Log D - 



APPENDIX 11-b 

DIFFUSION DATA FOR 99.9% ALUNIINUhl PrlITH URANIUM 

T ime T h i o h e  s s D 1 

Hrs . - 00001" 00001" T-n k g  D - 



APPENDIX 11-0 

Temp. 
C 

DIFFUSION DATA FOR 4.88% BISMUCH-ALUlidINUM ALLOY WITH URANIUM 


