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Irradiation experiments have been made t o  determine the irradiation 

teqperature and burnup limits for ~ 8 0 0 1  alumlnum alloy-clad A1-17.5 w/o 
U-2 w/o M-0.5 w/o Fe allay sillcon-boazded plates of the type developed 
for the S t 1  reectar. The irradiations were conducted on prutatype 6 t l  
plates both in MPR capsules and in the ANL-2 Hi& Pressure Water I a q  f n 
thk MIR. The loop experiments were conducted under local boilln@; c a d i -  
tions i n  water at 215 '~  (~O'F)  flowing at 12 ft/sec. One of the plates 
be- irradiated in the 1- develuped a claa defect after a period of 
operation in hi@ pH water. A t  the time of clad penetration the plate had 
achieved a buxnup of 58 percent of the uranium (1.3 percent of total fuel 
allay at-) , No cstastruphic corrosion of the fuel allay or extemsive 
fission product release occurred when the plate was irradiated wfth the 
defect. Because of heavy scale deposition on the loop specimens fuel 
&c(y t-tures were calculated t o  be a~ hi& as 560'~ (1040'~). Fuel 
me- occurred above teqperatures near 450'~ (8h0°F'). The silicon 
bonding technique appeared t o  be highly effective in  maintaining oound 
m e t a U u r g i c a l  bonds between fuel and cladding. 

The fuel elements for the SL-1 reactor consieted of plates of Al- 
17.5 w/o U 4  w/o Ni-0.5 w/o Fe d l c r y ,  with X8001 a l lay .  mensive '  
corrosion testing of the ckrdding alloy had indicated that it could 
be expected t o   with^ the 215 C ( 4 2 0 ~ ~ )  w a t e r  conditions In SL-1 for 
the anticipated care Ufe of three years. The nickel and iron additlone 
t o  the fuel a l l a y  had also PEY' ahawn to *rove the corrosf on reeistance 
of aluminum-uranium allays, Conaidenble data were also avrrilable con- 
ce rn lq  the f madfation behavlor of aluminum-uranium alluy fuel plates a t  
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the relatively lw temperatures existing in  research and t e s t  reactors, On 
the basis of the above infornation it was considered unlikely that the qper- 
atfng temperature of SL-1, which was on the order of l'/OOc (300'~) higher 
than that of the MI%, would b e d  t o  excess1 ve f ie l  element corrosion, fuel 
m u ,  or other undeai rabhe develapments. Subsequent -tion of the 
reactor more than verified these asmqpti ons. Carroeion and scale buildup 
on the fuel elements was much less than anticipated and no dtlmensi anal in- 
stability was observed i n  the Are1 plates. 

There was, nevertheless, considerable interest in deterrmf- the burn- 
up and operating temperature limits of alumfnum-clad alminum-uranium allay 
plates of the type develaged for SG1. Prcvtatype St1 plates were therefare 
made for experimental irradiations under cton8ftions considerably more rigor- 
ous than those which would &st in  the reactor. The experfmental i r r d -  
ations have recently been canpleted. Althou& the hot cel l  examinertions are 
not yet flniahed for a l l  test specimens, sufficient informati on has been ob- 
tained t o  define the hi@ te~qperature behavior of the fuel a t  burnqs ra@ng 
up t o  more than 50 percent of the uranium (1.1 to ta l  a t m  percent burnup). 
Informatfan h a  also been obtained an the corrosion and scaling behavior of 
the fuel plates st hi& heat fluxes under local boiling conditions. 

Two oizes of pratutype elements were made for the irradiatian studies. 
The smaller size ~sas  d e  for capsule irradiations. These plates were 15/16 
in. wide and 5-l/b in. lw. The larger plates were made for loop tests,  
end were 2 in. wlde a d  16 in. long. Both plates were the same thickness 
(0.120 in,) as the ~ i u .  size S G ~  phtes.  The fuel a ~ q y  was 0,050 in. thick 
d the c- was 0.035 in. thick on each side. 

Both specimen types were fabricated in  identical fashion t o  the 6G1 
core loading. The f p c a t i o n  procedure used for the SG1 core loading was 
described i n  detail at the Fuel Elements Conference held i n  GatUnburg 
i n  Mey, 1950. The fabrication procedure u t i l ized  the custamary picture 
fbune acsembly. Before assembly the surfaces t o  be joined were coated with 
elemental s i l i c a  powder. The assembled caqmnents were then pressed be- 
tween dies at 60O0c for a few minutes unt i l  the molten sf Ucon-d-um eu- 
tectic was squeezed out of the joints. The canpads were then given a 4- 
to-1 reduction a t  roan teqperature t o  the finished aize. The sillccan bond- 
ing technique consietently fields plates which have a higher qtaallty fuel- 
to-clad bond than can be achieved by roll-bonding alone. Silican-bonded 
plates are therefore more resistrant t o  blistering, and hence more suited t o  
the higher operating temperatures found in  power reactors. 

The capsules used for the small platee were 1-1/0 in. i n  diameter and 
appraxfmBtely 6 in. long. Ngwe 1 shawe one end of a partially diss~~embled 
capsule containing a tes t  specimen. Each cqpsule was made with a rectangular 
openiw so that a 1/16 in. thick cooLane channel existed on either side of 
the specimen. The capeule was made i n  two halves, each of which contained a 
1/8 in. diameter hole extending the length of the capule. Al-0.5 w/o Co 



allqy flux m o n i t o r  wires were placed in each hole. A gin a t  each end held 
the capsule M e s  together end also retained the flux m o n i t o r s  and the 
loosely held specimen in  the capsule. As a h m  in Figure 1, the ends of 
the capsule were built oo that a column of capsules would nest together in 
such a w q  that pdl plates were U m e d  in  a parallel plane. Unfmpeded 
coolant f l aw through the column of capsules was thus assured. The capsules 
were stacked five t o  a column in standdl bfl% X-baakets and irradiated in  
the reflector in water a t  approximately 50°C flowing a t  a calculated 
velocity mar 20 feet per second. 

W capsule spechew were irradiated for periods ranging *om four 
months t o  two ears. l&xbnm estimated unperturbed thermal fluxes were 4 near 1.3 x 16 . !Che maximum calcuhted burnup achieved is  -caimately 
80 percent of the uranium, or a total atam burnw of 1.8 wrcent* The max- 
fmum heat fluxes obtained are calculated t o  be near 210 xatts/crn (680,000 
B!FU/hr-ft2). These mall. plate specbens were therefore irrsdfeted under 
conditions very similar t o  those ads t ing  far  the NFR fuel elements them- 
selves. 

FXgure 2 s h w e  scheaati C&fly the armngement of the in-pile tube of 
the HI& Pressure Water ueed for the irrzLdfation of two larger 
protatype S t 1  plates. A slqpUfled drarrJing of the flaw diagram is  shown 
in lPPgure 3. The loap i s  located i n  a radial beam hole through the graphite 
surroundin@: the MPR. The t i p  of the in-pile tube i s located near the outer 
edge of' the reactor core in a cylindrical well i n  the reactor tank. =Ye provided a maximum uqperturbed thermerl flux near 1.7 x lo1 a t  
the in-pile end of the specimen. A flux plat slang the length of the tes t  
section is 6 h m  in Figure 4. 

The plates were irradiated i n  water ar t  380 psi erad 215'~ (&o*F). The 
desired coolent water caDlditians were neutral pH (7.0) and a r e ~ i s t f v i t y  
greater than one megohm-cm. The water velocfty in the t e s t  section was 12 
ft/sec. The maximum heat flux vrss 218 watts/& (690,000 BIU/hr-ft2). Under 
these cnnaftians it w calculated that local boiling would exist along a 
distance of 4.3 inches a t  the inner end of the fuel plate. Examination of 
the plates after irradiation indicated that boiling occurred dcmg a length 
of approximately 6 in. As shown i n  Figure 3, the out-of-pile secti on of the 
loup c o n w e d  a section for a control prutatype plate so that the effects 
due alone t o  exposure t o  loop water could be disting;uf&ed fram those due t o  
i rradiation. w e r  the flrst plate vss irradiated the loop ras  chadcally 
decontaminated in order t o  m o v e  corrosion products which had accumulated 
during the prevlous s i x  years of ageration. 

To date, four of the small  plates irradiated in  the capsules have been 
subgected t o  hat c e l l  examination. These specimens achieved uranium burnups 
r&ng f im 19 t o  32 percent (0.41 t o  0.71 percent of to ta l  atam). The 
mmcimum heat flux was 181 watts/& (573,000 BTU/~,-ft2). The plates did 
not show measurable changes i n  lengbh. Average width and length increases 



respectitrely of 0.45 and 0.48 per cerxt were observed. Theoe changes re- 
sulted in volume increases, measured by immeroion, tbt ocaurred a t  a rate 
of approximately 1.2 percent per one percent burnup of all at-, The 
average welgbt increase was 51.5 mg per sgechm. 

Ngme 5 aham a mi cal specimen after irrerdiation. The only visible 
surface chaqp is  the H a t e r  color of the cladding which i s  directly over 
the fuel. similar results have bees ed on aldnutn alloy-clad a i d e  -1 
irradiated in  the It4PR process wter. ('v enmints scale were depos- 
ited i n  scratches an the cladding. ~ o ~ c  examinatf on shawed no 
sf &fiat CUB In  the micro&ructure of the fuel and cladding. The bond 
between atl caqpanents was sound and fkee of defects. 

The flrst larger pmtcrt;5rpe plate (AI'?L-2-ll) waa i n  the loop for 227 days 
and subgected t o  the equivalent of 1% days of f ld l  power operation of PER. 
Wtrnug analyses made oa m l e s  cut A?cm the plate &wed that a maxinum ura- 
nium burnup of 58 percent (1.3 percent total atan burn*) was attained. A 
detailed desoription f this eyperimnt and the results obtnined have been 
aescr iba previousb.77) M a t i o n  ot this w e  vas terminat& vhan l ow 
level fission product activity was detected in the loop water. The clad rugtw;.e 
folluJea a perlo8 of seven Ws during W c l a  a faulty ion-exchange column 
caused loss of pH control, DmLng most of' this 7-day perfod the pH was above 
i t s  normal value of 7 eurd a t  levels on the order of 9 and 10. The loop water 
activity charts fa8faated that the element was irradiated for at least two 
days after the inifid cladding penetration occurred. h o p  water ~ c t i v l t y  a t  
no time reached a level hi& enm@ t o  e e t  off the hi&-level ~~, a d  no 
apprecfable fission product contem9natf on of the loop was nated. 

rn 
The postirradiation appearance of the in-pkle plate be seen in Figure 

6, The defect in the clad wm i n  the form of an apm b u s t e r  that was located 
near the edge of the boildng zcme 4-3/b in, frm the hot end of the plate. An 
apparrent3y unopened b u s t e r  was also noted in a similar area 4-1/2 in .  frm the 
hot end of the plate, Inside the blisters themselves, the cLaadfng had corraded 
at s much faster rate than the exposed fuel d l c r y .  The plats m e  unevenly but 
heavfly scald.  The average thickness of the cnride layer was 0.0063 in. The 
corrosion loss averaged 0,0062 in. per side. It was also nated that swelling 
of the fuel plate occurred over a dOBtance of &out two inches at the hat end 
of the plate, In this area the plate had increased i n  thickness by wad- 
mate* 20 percerrt , 

A methtogrqphic section through the clad defect is s h w  i n  Flgwe 7. 
The blister m s  found t o  be filled with white corrosf an products. The appar- 
ently unopened blf6ter was also secticmed and was found t o  have in  reality a 
smal l  qprtlfnro. This b u s t e r  wza~ also filled with white corrosim product. In 
both defect areas clad-core separation had occurred around the blisters. The 
unbonded surfaces extended i n  one case as far as 0.4 in. f rom a buster .  

Figure 8 ahwe a section %bough the melled area. The laminar cracldng 
which accaqmnied ,tihe swelling i s  beUeve8 to related t o  laminar cracks ?& whf& were obscrwd I n  scme of' the core blanks fabricated for the  SG1 fie1 
elements, Both laminar and spherical pares were ' observed, as shown i n  Mgure 9. 



The out-&-pile plate wae covered unevenly Hith scab that averaged 
0.0041 in. in thickness. The corrosion loss was 0.0052 in. per side. 

Scale was removed fmm buth plates and sub3ected t o  chemical and X- 
diffraction analyees. A t  the hut end of the in-pile plate the sceile 

was appradmtely 50 percent conmdwm, 40 percent boebmite, and 10 percent 
spinel. Scsle remwed frm near the defect area and %ram the out-&-pile 
plate was greater than 90 percent b m t e .  lZLe thermal conductivity of 
a piece of scale taken from the f - i l e  t e  was measured t o  be 0.0023 
csl/sec-&-"~/cm (0.56 BTU/hr-fig-'F/f'tY 

&am the known heat flux and the& comluctivf~t;y of the scale it wae 
poeeible t o  calculate the agerating temperature of the plate. The calcu- 
lations W c a t e  that the f'ud al loy  cmterlfne taqpemtures ranged AIam 
560"~ ( l O b ' ~ )  st the hat end of the plate t o  230'~ (430'~) a t  the cool end. 
Fuel rn- occumed io the teqpemture mnge of 450" t o  560°C (We t o  
1040'~). The clad aefect develqped at a point where the Are1 temperature 
was near 350°c ( 6 6 0 " ~ ) ~  

A s  m e n t i m e d  earlier, the low was c h d -  cleaned before the second 
plate (ANG~-E) weas inserted in order t o  remwe loosle corrosion products 
that were befw circulated. It was &dent that the heavy scale depoait 
W c h  forined on the AIfL-2-11 plate ra lsed I t s  aperating temperature w e l l  , 

sibwe deafred conditions. It wae hoped that by keeping the scale thickness 
d m  the mG2-12 plate could be operated at the atme heat flux as the AmG 
2-11 plate but at a taqgerature low en- t o  avof d swelling of the fuel 
aw. 

The ANt.2-12 plate was irradiated in the loop without indication of 
a fission break ar other aperating difficulty. The plate was i n  the loop 
for 223 days aJrd subgeded t o  an equiveilmt of 525 days of f u l l  parer oper- 
ation of Mil?. The plate was @ven an i d  inspection in the Ml!R hut ceU. 
midway during the f rradiation period. analyses made on smples cut 
fran the plate &er irradiation &wed that a msxfmum uranium burnup of 45 
percent (1.0 percent tu ta l  atm burn=) was achieved. The highest pH value 
recorded during this experiment was 8.0. A detailed report des gtBfw the exgeriment and the postfrradiatfan exanhation i s  in preparation 

The postirradiation appearance of the plate is  sham in Flgure 10, As 
i n  the case of the AfBt2-11 experin&, heavy s U n g  develaped on the in- 
pile  phte .  The average thickness the s c d e  was 0.0069 in. The coati- 
was gene- ncmadherent except a t  the hot en8 where boiling had been most 
vigorous. The plate ahowed no changes in  thickness that resulted froan fuel 
swelling. The p3ate increased i n  length and vldth 0.020 an8 0.012 in. re- 
spedigrely. The oorro~fon loss averaged 0.004 in. per side, based on thick- 
ness nbcssurerments. W e i g h t  loss measurements e v e  a ccu-rosi on rate of 7.4 
mg/d..mo. 

W d . l o ~ p h i c  examination of the Al'?62-12 plate collfirmed that no -1 
swelling had occurred and ahawed that no significant -s i n  microstructure 
resulted PTm irradiation. figure U shws a typfcsl area at the hot end of 
the plate. No variations i n  gr& size or appearance of the UAl4 particles 



could be detected frm one end .of' the plate t o  the uther. The sf licon-bonded 
Joints bidween core and c h d  were sound and no undinsolvcd silicon wehs ob- 
served. 

The out-of-pile plate frm the AIJE2-12 expexlnent i s  sham i n  Flgure l2. 
The scale on this plate had ern average thiclracos of 0.0027 in. The scale was 
colored a grqcinh blue and was gcmerally quite adherent. Weight loss neasureo 
m a t s  on the plate showed that  it had corroded a t  a ra te  of 4.4 rag/cn2-no. 

DISCUSSION OF RESUIEG 

Tho -1 platen made for the 6L-1 reactor differed f r a m  dh&lnm-dum 
a l l q y  f i e 1  plates made for other r eada r s  in two irnpartant respects: (1) the 
addition of 2 w/o nickel t o  the fuel  alluy for improved corrosion res i s tkce ,  
aml (2) the use of the silfcan-bonding technique for  greater resistance t o  
high t;mpererture blistering. !the frradiatian experiments conducted in the 
hi& pressure t a t e r  loqp on the prototype plates have indicated that  both mod- 
iflati a s  were eff 'df  ve in reisf ng the perfon;zancc of the f'uel plates, 

The excellent corrocim rcsiatance of the -1 alloy was denonstrated i n  
the -2-11 expcrfment, i n  which a defect developed i n  the in-pile plate after 
substantial fuel burnup had been achkved. Metallographic exmimtian of the 
defect m a  showed that  corroeive attack of the cladding was nore severe than 
corrosion of the fuel allay (cce Mgure 7). This obcervation w a s  cmf'lzuled by 
the fact  that  only a small Increase i n  loop water radioactivity was naked when 
the defect occurred. 

The artenoive overheating of the ANL-2-U, plate because of scale accumu- 
lation did not r e ~ u l t  i n  unbonds or b u s t e r s  between the Arc1 allay and the 
cladding. It i s  beUeved that the two blisters which fomed on the  plate fol- 
low& penetration of the claddfng cluring the operation i n  high pH water. The 
silicon-bonding technique i s  evidently a higbly effective method of Joining 
aluminum Qllw ccapments which must remain bonded under severe thernal con- 
ditions. The fuel swelling which developed i n  the h e 1  alloy was not associ- 
ated with the clad failure. It i s  qufte possible that i f  unfavorable water 
cmditfolas had not developed the plate could have been  success^ irradiated 
t o  substantfally hi&cr burn- wlthout tlifflculty. 

The defects which developed during the hi& pII condLtions apparently 
formed i n  the zone of highest temperature where liquid water tias in contact 
with the cladding a l l a y .  As shawn i n  Mgure 6, the defects were near the 
edge of the boiling zone, rather than i n  the boiling area where hi&est heat 
fluxes a d  cbd temperaturea were present. It i s  believed that  during oper- 
ation the scale i n  t h e  bof ling area w a s  f i l led with stcan wlth near-neutral. 
pII, whereas i n  the samewhat cooler zone d m  the plate where the transition 
f i cw  boiling occurred the scale was  saturated ~ A t h  the hi  @ly dkaUne  loop 
water. ' M s  lead t o  pi t t ing attack astd ultimate penetration of the cLaddLng. 

AlthwqJl the second loap plate, AML-2-12, developed a scale f i l n  under 
irradiation that  WE as  thick as that which forned on the AIVL-2-U. plate no 



Are1 sweJl3.q occurred. The fact that the MKL-2-12 plate was not irmdlated 
t o  quite as hi& a bwpug as that attained in the ANG2-ll plate i s  not con- 
sidered t o  be sf gniflcaat in considering the difference. in  swellfng behavior. 
It appears that the scale which formed an the ANL-2-12 plate had a M&er 
thennal conductivPty than the scale on the -2-ll plate. The changed scale 
characteristf cs may have been the result of the fact that the BML-2-12' arper- 
iment was the f l r &  use of the l o w  after the chemical dec&-tian. 

1. Aluminum allay-clad aluminum-uranium a l l ~  fuel plates of the SIP1 
type are capable of aperatfan t o  burnups on the order of 50 percent of the 
uranium (1 percexrt t&al atan burnup) a t  fuel taqperatures exceeding 400'~ 
(750'~) . 

2. Clad faflure of eJ.umfnum a l l c p c l d  duminm-urdum &lory Are1 plates 
i s  more apt t o  result frm penetration by pitting corrosion than frm fie1 
swellhg. 

3. Aluminum-uranium al loy plates cled with X8001 aluminum a l l ay  can be 
operated successfully in  under local boiling conditions in  neutral water a t  
215 'C (420'~). 

4. Exposure of defected hiegzly-irradiated A1-17.5 w/o U-2 w/o Mi-0.5 
w/o Fe fie1 a l l c r y  t o  water a t  2 ~ 5 ~ ~  (420'~) does nat result i n  cateastraphi c 
corrosion or cause the release of large amounts of fission product activity. 

The authors are indebted t o  D. E. Walker o f t h e  W a u r g y  Division for 
mnufacture of the tes t  specimens. Thanlcs are d s o  due t o  Re P. Wsen of 
the Chemical Engineerfag Division far  burnup analyses. 
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FIGURE 1. MTR CAPSULE WITH PARTIALLY WITHDRAWN 
AI-17.5 wlo U ALLOY FUEL PLATE 
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FIGURE 2. VERTICAL CROSS SECTION OF ANL-2 IN-PILE TUBE 
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FIGURE 3. SCHEMATIC-FLOW DIAGRAM OF ANL-2 LOOP 
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FIGURE 4. THERMAL NEUTRON FLUX PLOT FOR ANL-2 IN-PILE TUBE 
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FIGURE 5. TYPICAL AI-17.5 wlo U ALLOY FUEL PLATE AFTER 
32% URANIUM BURNUP IN WATER AT 550C 
FLOW I NG AT 20 FTl SEC 
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FIGURE 6. ANL-2-11 AI-17.5 w l o  U ALLOY FUEL PLATE AFTER 5% URANIUM 

BURNUP IN WATER AT 215OC (4200F) FLOWING AT 12 FTlSEC 



FIGURE 7. SECTION THROUGH FAILED CLADDING ON ANL-2-11 
At-17.5 WIO U ALLOY FUEL PLATE 



FIGURE 8. SECT1 ON THROUGH SWELLED AREA OF ANL-2-11 
AI-17.5 w10 U ALLOY FUEL PLATE 
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FIGURE 9. POROSITY IN  SWELLED AREA OF ANL-2-11 
AI-17.5 WIO U ALLOY FUEL PLATE 



SIDE "B" 

43- 
FIGURE 10. ANL-2-12 AI-17.5 WIO U ALLOY FUEL PLATE AFTER 4% URANIUM 

BURNUP I N  WATER AT 2 1 5 ' ~  ( 4 2 0 ~ ~ )  FLOWING AT 12 FTlSEC 



FIGURE 11. MICROSTRUCTURE OF AI-17.5 w10 U FUEL ALLOY 
I N  PLATE ANL-2-12 AFTER 4%'0 URANIUM BURNUP 
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