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theBe slugs vere prepared by draw~ 2S aluminum oans onto 
uran1um o.lua8 bJ 1nserUns the sl.ug 18,0 the can and forc1nS 
the 88$embly t'tlrougb a s1&1ng die. two tJPea of.lugs, V1th 
the tollowiDs speoifications, were emplo,ed: 

, 1. !lea1atance-we14eci1 

",lum.tnum Can 

Material--2S'ntmpact-extruied 
Length--4.315 

" Lk C/o.sSI i.e! 
Classification c:hangedto: (level and category) 

1'.1). ·-1.116 ' 

, , -I 
th

· of' 12M "uide) B, .. ""'" : (,'''''''',,'''''. ~ 
Wall th1cknEuIUJ--O.017'· to 0.02011 

Uranium 
ADD, sigitature (fmal reviewex) 

'. 
Rater1al--Gamma~e~tru~e4 
'Lensth ... -4.000" f' O.OlOu' , 
.'ameter~-l.lOO i O.002~! 

"Chamfer_ bo'toll enc1 ... "'O~Ol{)tt,ra41ue 
~, ' ~0-"1We14ed 

. Al;uin1num Oan. 
" 

Kater1al--28, 1mpaet-exWUde4, ' 
tdtagth ..... 4 .315 u ,," 
1.8· ...... 1.110 , .. 
Wall. th1ekn,ess ...... O.03S .. 

t1rsQ.1lml 

Same as tor rea5.stanoe-we14ed 

tfhe f1rst tJPe or slugs, Which bad.tbe "end, clQattre made 'bJ 
resistanoe weld1n.g of an alum.1.ilUlll end cap to tb$ alum1num can .. 
were used onlJ dur1ng the first rear of pile operation (1943-
194-) and were replaced b)' the arc,..welded sluss.. IQ the 08S8 
of the are-welded slug8_ the end closure vae oarried out bl 
forc1ng 8n sl\1Dl1num cap of lize 1.102'* diameter" 0.060" tbick 
into the open end ot the e.lum1num C8nstter tl\e slz1Qg .. 41e 
operatlon" trlmm1ns tae e~oe8S metal from the can wall and 
lip around the ent eap# and, f1nall" ae.linS vith a .el1ero 
weld at the junctlon between can and oap. 

Ie. tinS r, ~roeE!4urea 

,lve different procedures were uae4 tor tsatinS of the slugs 
prepared 88 described abo-Y,'.... '!bese wer; as 1"0110'.-' ' 

Date 
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Date 
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, tb.lfiJ ',te.~ ~v()~ved hOltu.Ds the slugs for ten ho1U.'s at 
3000 0 ~ a JlJdi'psen atmosphere ot 15.5 P~$ .1~ the bas1s 
tot' ~~, te.t"wae tha,t any leus1n the slUS would admit 
h1~ogeQ y1 tb. ('oneequeo.t format1oJ). ot van1. hy4r!.4e.. ' 
which would cauee awelling ot tb.eJaoket.!he teet waa 
rejected when 1t was f'ound that hJdrogen''Wou14 d1tfu8~ 
tbl'oush the jacket' of e0UJ,14 sluga. 

2. Deflect10n feat 

• Slue$ were 8ubjected to 8 pres8ure of 175 p ••• l. of 
n1trogen atter hea,t1n8 to 3000 Ctor one how. fhe heat1n8 
vas 1ntended to exert tens10n on the veld to expolSe any 
incipient leaks _, After exposure to ~tJ'Osen, the elluga 

, were· lUeaaved with a mioro-gauge deflection in.trument to 
detect 41stort1on(Whlch would be cBu.ed bJ nitrogen.s . 
entering a leak) of the bottom of the jacket to 'W1th1n 

, O.OOl"~,' '!'he teatvss 'absndo,ned when 1t vas found to be 
, nonrepro(lucible. . ' 

l; Bubble 'eat 

It'-was planned to Iiubject the, slugs to a pressure of 
175 p.s.l. of nitrogen and then submerge in'kerosene to 
obserVe any bubbles Wh1ch m1gbt be rele8sedfrom leaks. 
fJbe method vaa abandoned when 1t 'Wa. found that the 
SUGden release of pressure in the pressure chamber fogged 
the observation port and also because of the lons-t1me 
delsJ in bubble format1on~ 

·4. Welgbt(Borst) ,'t~st 

~s test was based on the fact that veium reacts 
rap1dl, with oxygen of the air at elevated temperatures. 
A "lug held at elevated temperatures, therefore, would 
gain we.tSht as a result of oxidation ot the uranium. 
We1ghing the slUS before and (ltter a heating' ,would re ... 
,fleet any change 1nweiS1:lt. ' 

.A ch8rg~ of slugs was given an.1n1.t1al heatinaperiod 
of 24. ho\U:'s at 29000,1. lOOC,toremov& any volatile matter 
adher~ to the jackets. After cooling,' each slug, was ' 

, given an inItial we1gb~8 ,to a tenth of a milligram and, 
then placed beck 1n the oven for a ten-day heat1ng period 
a t ~900C I. 100e. . 

,On completion 01' the lleat1Dg per10d, the .sluss were 
.Fe'Wle1ghed to' $. tenth of a milligram and elss&1ried as 

.. sceepted~ retested l or rejected mater1al. A stat!s ... 
t1cal method of accept~ .and l'eject1ng the sluga was 
developed to compenaate toJ,- 't;he1n.accurac1es of the 
b8lanc~s and errors made by the operators" The accepted 
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, :) i... stored 1n the vault tor. p1.1e use.. Retest 

., 

sluga were stored until enoUgh aCCU1'l'1liJ.ated to provide for 
a' reteet9b,arse, which was tested 1n the same l.'ilWlner as 
new material. Rejecte. sluss vere stripped an4, ~et~gd 
for rej.cket1n8. '~eoret1callJI'holesas.mall ss 10" 
inches ',1nra(11us can be d~tected bJ' th18 ~me'th04. , . 

. . . ": . . 

'fhe'testing ots,luga by the 'weigb.1nS methq4 W~Ja comJlleted 
on February 10,' +945, w1 th .the follow1Dg .re8u1 tat ' 

Number.ot .alugs tf)steo.. , ••• , ••••• ., .104,,058 ' 
lumber of slug. accepted. ~, ••••••••• 100,118 ••••• 96.21" 
Rumber ot slUgS rejected •••••• '! ....... 3,94o ...... ·3.7~ 

file cauliles for the rejection of tlie 3.9.40 slUss were 
broken down as folloWSI 

Jackets' •• ollen 91' bUrst bJ ox.1~' . .' '. .' , . 
. t'ormat"-on 01':' d1ftus1on(?) "." •••••••••• , _,.l.l255 ... ,31,9f 

, Jac~~a swollen bJ' ga.s formation •• " ••• 41" 611 •• 1.5.~ 
Excessive gain in weight ••• ,*............ 481 •• 12.~ 
Pltted .. sc8~re4, and concave jackets.... 547 .. 1~.81' 
Rejection,b7 :v1aual inspect10n ~t weld •• 1,,046. ,26 • .6" 

5. M041fle4-;ressure B:ubb~e, Test· 

!hi. method tor the testing otslugs or181nated at 
Argonne lati0ll81 LaboratoJ;'l and' was further developed, at 

·OBIL:. the ele~$, : after a ,v1aual inspection, were heated 
to 300°0 t lOce fora period of' t1ve4a7s. Upon removal 
f'rqm theov~. en, tllat S49wed' "1gns of swelling or rup
ture were cU8cardec1~ All' of the others Yere loaded into 
an autoclave v1th the weldec).' end up •. f.b.e s.lugs. were 
exposed to 300·p.a.1. hel1umpre88ure for 16 tolS hours. 
Immed1ste17 atter tberelease of the hellum·preB$urs, the 
sluga vere placecl end up under acetone, an~ the end:,w8s 
covered lflth s gas colleotor. 4fter r~1n1ng ll11de:r the 
aceton~ for·five.hours, 8:Ll 81'0$8 which showed the rgles8e 
ot ,gas bubble~ ,werereje\!ted. : Holes as small aS,lOG to 
lO~l1nches in rad1us should have been'd~tected '0"this, 
method.. . 

. !he l-estU.ta of' ,testiD,g of a large numbe1",of slusa b1. 
thie tne:thocl were as fellows: 

Slugs te~ted. ~ ...... ' .......... ' .......... 33,629 .' 
. Slugs accepted ...... _ ...... ' ••• _ .... _.. 33,176 ...... 98 .. 65_ 
Slugs rejected ... , .... ' •• " • -.•• ~ ••••••• " . 453.. • ... 1.35' 

the cauSes' for the reject1onot the 453 slugs can ,be 
broken down as follow.:. ' 

'8a~kets swollen or rUPtured " ' , .: ' 
, .dur~· b,at1ns. perlod •• ',', •. '. 1" it ...... ~' ~lT ... ,,, •• ;47 •• ~ , 
'1 t tea or scarred jaokets ••••••••• _. " . ' 25 ........ ' 5.~ . 
Slugs' 1eak~ ,gas •• ' ..... - .... '.n ••• • ~.'. 21.1. rtlE'f"~ 
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'" 'pon completIon ot the foregoing t~st. on Banford.
,prepared sluss, approxImately 1,000 sluss tht;1t had 
originall, passed ·the·we1ght teet were, ret.este,d by th1s 
~ethoc1wJ: th the· .t'o1 lov1n.g 'X:,esul ta = '. ' .,' ' 

.~be~ot sluga tested" ... ,'.~!t ~" •••••• 5,.120 " .. ',' 
Bumber at slugs accepted ... 41- 41 •••• ' ••• 'f 5 , 09-4 .• · • ! •• 99. 4~ 

"UDlber of slugs rejected •••• " •.•• ; ••• ·,.·, 26., .... ,.0.51" 

, the 26 unaccepted sluss 'were rejeoted b~ee.ulle of leak1ng 
gss from the jackets ··and"not,·beoauoe, ot s~ell1nS dur1DS 
'~eat1ng'or because .. of ,scarred, jaokets,'. ' , 

,QE!ratlonal .BxRerlenc~ 

since the start of reactor operation .1n .ovembftr~ 1943, 'there 
hSve been 99 lCnOWJl prlma.rT' slugfal1ures w1 th Ii total of 127 
slug$1.t.lvolved. !b.1samounts to a percentage fallure ot 0.05$. 
A 8~dy of the collected data. makeslt apparent that, 81van a 
full. ~eactor loading of new unbonded _lugs. at one time" the 
rupt~estbatmlgbt OCCt'll' with t1me would beg1n1n tJie e,enter 
rov.·ot thel"'eaetor and proceed trom there to the.perlpb.erJ. 
SincE;) ,only the n~utron flux and temperatux'0 of the reactor are 
distributed in this manner, it 1s fair to assume.tbat one:or 
both of these influence the cause or causes. of' the ~ptures. 
From the known cases of rupture poe! tions I the follow1ng impor-
tant distribut10n can be made: . 

alug t!"uptures east of center line ..... ,,· .............. " 5 
Slug ':ruptures vest of centel:" line .•• ., ....... ~ • ,.., ........ 46 

!he distribut10n of all ruptures who.~e poslt1o~ was knownls 
shownln Figure 1. the ruptures" extend., in an es:.tvard d1reetion 
only e d1stence of slx ana. one~hslt slugs or 26)~ehes but ex
tend 1118 westward <U.raction a d1stBnce Qf 27 slUSs, or: ,189 
Inehes' .. A.$ma, be 'seen lQ,;f,g'tJ.l'6 2, tb,e. rnaxlWlm,l tem.,p~rllture 
OCC1l.'rS, conslderably,westof the, ,center line. lle\1.tro~?flux 1s 
8JiDZ$tric In the· east, and vest directions from the center line, 
8S ,hOlm in, Figure 3. .It seems r"asonab1e, then,. to' aSSUlUe 
that temperatupe lstbemost important, f~cto~ 1n ~lug. r~ptures. 

!bere a~e two posslble rupture meChanismswhlah would be verl 
temperature-dependent. !hese al?e as £0110W8i. ' 

, . , '. 

1. OXidat1on 

'- Ita tiny hole ·1-8 p:reaent in a alug jacket When It1s 
'o'hargetl into tb., pesetar .. ·· It 1s aevi table tIla t r·upture 
v111 occur eveJ),tuall, 1t the 'lug 18 1n a lutt1c1entll 
h1gll-te.pepsture;zone for a.8utf1clentll·lons time;, 

1&. 

• '_ I' _ ... 
-A prIri1S.rj:talJ.urfJls-ou:fil:ihion no adJscent sluga are .1!1VOl.ved. 
Becon(ls,1'1 'f'a1lu,res are. those 1n whicb a pr1mar;y, failure has caused 
part1al sto.ppase of a1r cooltng .1th consequent overh~rf 
adjacent slugs. . , , 
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'!aUra 4" fr()m &-223, )181 13,' 1943,,. "h01l8 'that th$ . 
oxidation rate ·for uranium·at 25000 18 about·27 times that . 

. tor .10000 Ii Aosum1ng tba.t· there are two . slugs vi th· the 
.sam.e· s1~e holGS 1n their jackets. ~4 that the same amoWlt 
of ox~de bUildup is necesoarJ tor rupture ot the aluminum 
cans, it would take atime·per16d 21 times S$ long tor tbe 
slug at 10000 to rupture as· that· for· tbe one· at· 250oC. 
Ib1s mal explain the delayed·.rupture. of sluss, which have 
been 1n the lower .. tempe~.:tuJ;te zonea of the reactor for 
three to 'seven Jears" . :' , 

,) '., ' . . 
2. DUtuaion between the, alum1nUDljacket -and uranium slug h •• 

been ,hown ~o take pl~ce at anapprqc1ablerate at 25000, 
It w111 .. ot course, OOOUl' at lower te1lPeratures~~at slover 
rates.,. tut-ot ... p1l.s heatinS teata)::uilv., ,shown conclusive11 
the. t, rUpture canreeul t tromth1s diffusion.. . Visual exaDl'" 
1.n.at1on. of the1nner";' jac:ket. surfs·oes and vanitUn-slua 

. surtace$ of' $trippe(l 61ugs that hed been discher~ed'froJll 
tile l"tlaotop showed evidence of", diffusion, . S;i;-.. ~" d1ttual.Cln 
1$'aoceleratod bJ' anincreaoe 111: temperature. 'th1stBechan
ism would seem to fit ~e temperature pattern for rupture~. 

I , 
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!he dGel.ion to adopt $.lUlll1awn"'l~llcon bOllc1e4 aluss a$ the 
etaD4ar4 tuel units tor the OllL air-cool.d,grapblte reaotor 
lIalb.8.4 oathe tollov1Qg »e.80a •• 

1. 11D.ce the Dl8jors,tJ of tile rupture.· appeared to r.a .... 1t , . 
f'll'om leap lIlthe can v814-, alUlll1nwn .. al11con boaded slugs 
ar. euper1or, 8ince the oloaure cODalate' of the 4o:u.ble 
protec'1on ota we14 in the cen plu. 'the alum1n~.8111c~, 

. bonUq 187el'. ' ' '. 

2. "the ;bl.ter41ttus1oll ot al.utdnum an4 uran1um. known to be 8 
major ceu,. of failure 1D. unbonde4 aluga, 1a pr.ct1calll 
e11m1nate4 s.n bon4ed slUSs br the ,pre.enee of the d.1ttu .. 
.ion barrier, U(AI, 81)3, wlUch 18 tO~d on:the uxaan1um ... 
alus surface dur1ns lmmeralon in molten sluminum--al11con 
alloJ-, . 

XI. had been plaJUled. or.ts1DallJ' to emploJ ta,le at8Dc:ta.r4 
production teebnique ,used at Jle.nford" '1.e .•• tb..tr1ple-d1p 
pl'o~ea.,.t to produce·. the required alup' tol' the ORIIL "actor .. 
It waa round that a large percentap (abou.t 20.>' ot thea •. ~ 
elusa eXhib1ted. d1tfue1on b11.~eJ'1D8 durlPS, the etao.dard 
cull11lS: teet ot holct1nS at, 400 Q to~ seven da),.. Since 1 t .' 
va. fo~ tbat this d.1ttua1on bl1atertDs vaa 1nttmate17 ' 
aasoclated w1th h1gbrea1(1ual t1n content, 1t was declded 
to adopt the alpha-C8llnSbS .process 1n ol'de:r to avoid. the . 
t1n bath of the v;lple .... Up prooe,.. ~ 

, Alpha cflUUl1nS of 81\18" tor the .8IL ~-lO graph! te pile 1. 
i8 cal-1"led, out ,111 the ,ehelU1calJ)epartmqt at tbe· J .. 12 'lant • _.> dlmen.lonal aP$clf'lcatloIl8 '01' the SlUS8 are 88 to 11 0 •• , ' 

. ..' " -/. 
IraJi1. 'Sl'Q8 .' .~ 

»lameter -~ 1.10aft I o~OOO· 
, . .,.. ,;.. O.003t1 

L!lll8th ... - I;. .000 n I. 0.005 tI 
- 0 .. 000" . , 

Sw.t rac11ua -,. 0.060"1 o.G40· 
. " " '.0.000 8 

.asterial ~ al.ph~,~r91:ted" J 

'Alulas.num oan -'" 

l,~J)~ ..... 1.121 ~ I o.oo.?; " " 
, . . . ' . "',0.003 II " ',': .Q ~~t 

Wall thickne8.-- 0.033. I 0.000 ' " 
" ' . " ' ' .... 0.0030 .:' .' 

80ttom ~C~.S ;~ •• ~.021.: 1.'10.005" , . ' 
LeDat'b 4 21/32 .. J.: .1/64 .' . ..' ',' 
.. tarlal -7 2~, 4~~p:-~a~.c,.' ",
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• 
. Length .... ,' 4.120· .I. o,~oo61t· . .' . : 
. _olul 'l~Jertb1o~e8s '. --: 0,'004'· . to .0 .. 0065 It 

. , the.tepa in tbe.oamiinS Proce4urear$ae follOw, • . , 

", 

Q.. Beta aeat, 're.tm.e:p.t. ,thi8 etep, con8idered a pre- ' 
l1mtnarr .t&P pr10r to CaDg2Q8, 1s car~led out bJ 
lmraera1ns .luge in •• alt.bath at 120. to 1400 0 tor 
a p&rlod of tbPee 1ll1nute',. f)le sal to u •• 4 18 
Boushton.'. Llq1.i14 a,at 10. 980. $lugo maeb,1f1.e.<l to 
8ue pJ.'1or to, the aalt-bath treatm.eDt were u8ed,," " 
b$cau.. ther had alread7 been maebtned fop the 
tr1ple:"dlp procesa. It the '-12 Cann1.Qg (troup were, 
8~l't1rlsflDbv, the 8a.lt-b,atb 'tl-.l.ltme.Q.t wou14 be 
oar:rled . out Pl'1or to maelUn1t1g, \leoau8e ',ome pi tUllg 
of the' sluga OCO~8 du.r1DS tb.$ ..• a1t .... bath treatment. 

b" J)uplex lath. After c1\em1oal olean1ns ·(50" n.1tJ'1e 
ac14) tollowtDg the salt-bath treatment, the slUS. 

. are,'1Dimersed 111 8 duplex 'bs th con.al. t1nS of' a tell
'1Jich-tb1ok lead larer at the bQttoll and 8 15"'1ilch~ . 
'tb1ckalWldDum-sl11con apr a~the. top •. Ac.over 

.'. ,'. ot lutecto;r 190 flux (mermtaoture4 bJ Bu.tectl0 ' 
Welc'l1.D8 oomptUaJ),. i.kept on top ot tb.~ al'UllWlum
si1ioon. 18,er ~ ,he 81US' are held. tor 35 . aeoonds 
in t:.l1e lead ).e.jer 8t 6000C sad then ralaed1Dto the 
81um1num~81l1c~ layer and held tor five 8eooad8st 
60000. '. ,.' '. 

o. A1WD1D.um •• ii1cODIl1p i8 tb .·S1uga are tranaferred 
. from the duple~ bath to the dlp bath(ll .• ~ allicon.) I 
,where they are he).4 tor ·13.seoondl;l 8t6000 0. , 

... , . 4 ...• , AlWDinum ... $111con.QaM1ns 'latb.'.4tt$r the eluga 
. . have been wet v1tb. al'tim1num-e1).lcon. 10, the41p bath, 

they 'ar.tran.tenef. ;to the canDillabath, Where thet 
are 1D.aerte41nto 8 prahe_ted alum1.num can whlob 1. 

, ina1@. of 8 .teel .leave •. J'USt pr10r to insertlon, 
the alum1num~ 1s t111~4 w1th aluminum-ell1con bJ 
lower1Dg the mouth below the supteee ot, the be.th. 
the £1.n61 operat1on •. a~e.to 1n.sert a preheated 
alum1n.um oaPt p:rewet with. alum1nQ.m-8111con_~to tlle 
en4 .ot the can and que.tl. i the en~e 8aaembl.r 1I1to 
yater. 

, '8 •. ' Welc.t1nS~ After eu't1n8 enet oap. to' ·prop.:r lenath, 
a ve14 18 made. at the end C~;';'08Jl '~teX'tace with . 
1Qert""se8, .1e14e4 -eo "el~D8. 
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. \\ :'~. two vaf tb~ standardllantorct ~apeC)t1OJl te.t .... ·i.e .• , '9'18ual 
' .. '.Usp.ect$.Qn. and autoc16v1ns~ ... wer. ,l1.se<J.,·~e .11'tltoqlave te .• ' .. 

con8+8'. of hol<U.Da the 81\188 tal" 40 hou~ undev. 125-p .• 8.1,· 
. -,team. p:f •• ,UX'e it A third .$nrord teat, .tb. tpoet, .te~t,,, •• 
e11m1,.atec1. ,1rlall:r, 8 teat cons18t1ng of kolUns t.hG elus_ 
for oae week at 40000: We.$ &mploJo4 to. t149te~ Whether cUt ... 
twJlon between tb.$lU'an1umeoresnd tlle alll1D1num can would 
OCOW. . 

APpr~1rQat.ll 20 .. QOOalphs-cann.e4 sluss. ~ave been. 8u'bJe~te4 
to tbe hea.t-troatment cull1ng tet' of h0141o& for one week at 

. 40000. ·Of' tb.$88, 2S have ah()wn blisters ·or have ruptured •.. In. 
: eveXitl ~~,e tx:~m1ne4, the b118"ers or .rupture •. appear to have 

... 4rlsentrom onde.tlon Vb1ch. W&. 1n1tlate4 .)Jleak. 1nthe velda 
or 14 tb,e $nd' cepe. lone could. 'be attp1buted to 41tfualon. 

02!rat~p'l' J&!Re~1.nce 

Ibe reeharg1ng'ot tbe O~ ~~lO~apb1te plle 18 now underwaJ, 
and appro~Ulatel1 20,000 bonded slugs bave been Cbarse4. Ihe;re 
usbe.en too 11ttle .ervlee 1;1_ to <ll'aw an,: conolusions, abo\lt 
'tbe'.be_av!or of ·~e.e: .1~a ,:under o:pera'1il8cQll(lltloas~ . It. mar 
be· noted,l\ow$ver., t4at .0Ule .8lQH$1'1encse hI18. ~een 8t;i1nedWlth the 
uee . 9,' f·· .l\ll'd.~um-.tl1cOJl .b~de... a1ua& ,111 cen.eral 111. thel~lO .• pile. 
One COlaplete ohGl'Ulel ot the p11ewas· eJl~ie4' 1n .»eoemWr.. 1949, 
with ,tt-lple-Up canned 81\188 prepared at lantor(1. tll18. eba.aD.el 
ha$. been operated w1th a reduced all' flow so that the. maximum 
surface temperature of the sluga 1. 33000 Eus.compared wlt,b the 
uaual 250°0 max1mum~ la date, no rup.ur.e. or v1 sua 1 41~~9rtion 
otthese alu.go baa oCCUlTed.· '. . 
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1'. C!:tJ)"Osgle, x. •• t.Balet, oiUIL 170~ ... S~Ug aupturo. in the 
Oak Ridge laU..onal ,Laboratory· ,11.e 

2. , a! .. 0-" Wll1~atlls, 'OI.IL ?69~~~ter1ll lepor~ en· Ollnton &lUS 
,Jtupture8, ,OaUsee 8D,~. 'P;revent.\rtm ' ' .. 

. 3 ~ . 11. A· •. $m1th~ IW 9401"'-:Gperattng Process for Oann1nS 'Qur-
In~h ~l~s.·, ,,'. ' 

4 •. S~ j. IOJle,oa~·:·1275":-APPlj,cat1on. .Qf· Alpha Cann1Jle,to 
. 'reparat1on ot 81,\188 :tor ORal X.-10 lPaphlte ~J.le . 
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