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EXAMINATION OF IRRADIATED EXPERIMENTAL NRU FUEL RODS 

by 

S. H. Paine and W. F . Murphy 

ABSTRACT 

Examinat ion of flat, natural uranium plates mechan
ically clad with a luminum sheaths revealed a tendency for 
the rmal contact between clad and core to diminish as a r e 
sult of elongation and roughening of the uranium. The a s 
sembl ies containing beta-quenched uranium showed less 
damage than those in which ma te r i a l rol led in the high alpha 
range was used. 

A clad rod having square c ro s s section was foundto 
have failed by typical internal aqueous attack of the core 
m a t e r i a l . Cause of initial perforat ion cannot be assigned 
with cer ta inty . 

I. INTRODUCTION 

Under the Joint US-Canadian Sheath P r o g r a m ( l » )̂ a reques t was 
rece ived from the Canadians ea r ly in 1954 that a composite rod containing 
a number of exper imenta l flat pla tes of uranium sheathed in aluminum(3) 
be made the object of a cooperat ive l abora tory study after i r rad ia t ion in 
the Chalk River NRX reac to r . Use of the hot labora tory facil i t ies at 
Argonne National Labora to ry was envisioned, and the scope of the exami
nation was subsequently de te rmined in a conference at ANL attended by 
rep resen ta t ives f rom AECL, AEC-SROO, AEC-COO, and the Laboratory.(4) 
Just p r io r to the scheduled operat ions the scope, at the reques t of the 
Canadians , was broadened to include study of sections f rom another clad 
exper imental rod of square c r o s s section. 

Most of the hot l abora to ry work was performed during the per iod 
September 15 to 24, 1954. Three m e m b e r s of the AECL, D. G. Boxall, 
N. S. Spence and F . A b r a m s , were p resen t during much of this t ime to 
observe and to work in col laborat ion with the ANL personnel . At the r e 
quest of the Canadians a memorandum summar iz ing resu l t s of the exam
ination and t ransmi t t ing macrophotographs was issued by the Labora to ry 
on October 4, 1954,(5) pending rece ip t f rom the Canadians of p re i r rad ia t ion 
data. This par t of the agreement was evidently overlooked, and the data 
were obtained only when the Canadian final r epor t became available ea r ly 



in 1955.1"/ The plate e lements were r e -examined more carefully by ANL 
worke r s when new, improved photographic equipment became available 
some t ime l a t e r . The opinions resul t ing from this work a re not ent i rely 
in accord with those obtained from the initial examination. All the infor
mat ion available to the study, therefore , has been cr i t ica l ly re -examined , 
and the p r o g r a m is closed by i ssuance of the p resen t repor t . 

II. DESCRIPTION OF SPECIMENS 

Fla t Pla te E lements 

The meta l lurg ica l h i s to ry of the specimens is detailed in Appen
dix A. The flat plate rod was essent ia l ly a composite of ten separa te ly 
sheathed e lements cut f rom the same flat b a r of uranium and r eas sembled 
end to end. Each core element was 12 in. long ajid had a c ro s s section 
0.170 X 1.340 in. Aluminum cladding, 0.040 in. thick, was sized to the core 
by drawing through a die. Dovetail end plugs brought the total length of 
the sheath to approximately 13 in. A schemat ic representa t ion of the con
s t ruct ion is shown in F igure 1-a. Elements were numbered 1 to 1 0 frona 
bottom to top in the composite rod; odd numbered pieces were in the a s -
rol led condition (high alpha roll ing), whereas even numbered pieces had 
been water quenched from the beta phase after the rolling operation. 

The total exposure of the rod in the r eac to r was computed to be 
675 M W D / T . Upon radiographic examination, Plate No. 6 was found to 
be ruptured and No. 4 was badly warped. P la tes Nos. 2, 3, 5, 7, and 8 
were selected for examination at ANL after d isassembly of the rod in 
the NRX canal. 

Square Rod 

The core of the square rod was a na tura l uranium b a r , 10 ft. long, 
having a c r o s s section 1.150 in. square . It was essent ia l ly in the be ta-
annealed condition and was clad with a 0.040-in. aluminum sheath. Details 
of i ts fabricat ion a r e given in Appendix A, and a schemat ic c r o s s section 
is shown in F igure 1-b. Total exposure in the r eac to r was computed to be 
362 M W D / T at the t ime the sheath was found to have failed. Examination 
show^ed a 3-in. c rack along one corner of the assembly near the middle of 
the rod. Two p ieces , each a foot long, were sheared from this portion of 
the rod for examination at ANL. 



III. EXAMINATION PROCEDURE AND OBSERVATIONS 

A stereophotographic study of specimens is given in Appendix B, 
F igures 3 to 13. 

Fla t Plate Elements 

The Canadians had radiographed the composite flat rod before i r 
radiation and after exposure to 423 and 675 MWD/T. By means of small 
fiducial notches machined on the edges of the core at 3-in. in tervals , they 
were able to determine from the negatives whether length changes had 
occurred . 1") Their data a r e presen ted in Table I. 

At ANL the five flat e lements were examined as received. The 
cladding was clean, except for a few rus t - co lo red spots , and no pitting or 
surface roughness was observed. One end of all plates was bent some
what, the damage having occur red , in the opinion of the AECL men, at the 
t ime of removal from the assembly . Pla tes Nos. 2 and 8 were both visibly 
necked down over a length of 3 in. at one end. Observations a re summar ized 
in Table II. 

Width and thickness measu remen t s were made at the middle of 
P la tes Nos. 2 and 5 by m i c r o m e t e r , and lengths were measu red with an 
inch scale to an es t imated accuracy of -^ in. Cladding was then str ipped 
from these two plates and the measu remen t s were repeated. Table III 
p resen t s this information for compar ison with p re i r rad ia t ion data supplied 
by the AECL report .(6) 



TABLE I 

Dimensional Changes Observed Radiographically in 
Composite F l a t Plate Rod 

Plate 
No. 

2 

4 

6 

8 

10 

1 

3 

5 

7 

9 

Heat 
Treatment 

As alpha-rol led 

As alpha-rol led 

As alpha-rol led 

As alpha-rol led 

As a lpha-rol led 

Beta-quenched 

Beta-quenched 

Beta-quenched 

Beta-quenched 

Beta-quenched 

Distance 
Above 

Calandria 
Floor (in.) 

17 

44 

70 

96 

122 

4 

30 

57 

83 

109 

F i r s t Exposure 

% Change 
in Length 

0.25 

0,62 

1.01 

0.23 

0.07 

0.05 

-0.05 

0.08 

-0.07 

-0.07 

Relative 
Exposure ^ 

0.28 

0.55 

0.62 

0.44 

0.10 

0.10 

0.44 

0.62 

0.55 

0.28 

Second Exposure 

% Change 
in Length 

0.33 

2.17 

4.13 

0.27 

0.00 

0.00 

-0.33 

-0.40 

0.03 

0.00 

Relative 
Exposure 

0.45 

0.89 

0.99 

0.70 

0.16 

0.16 

0.70 

0.99 

0.89 

0.45 

^Assuming cosine buckling and setting maximum exposure reached at middle 
of rod equal to 1.00. 

TABLE 11 

Examination of Fla t Plate Elements as Received at ANL 

Plate 
No. 

2 

8 

3 

5 

7 

Metallurgical 
Condition 

Alpha-rolled 

Alpha-rolled 

Beta-quenched 

Beta-quenched 

Beta-quenched 

Condition of Cladding 

Clean except for a few 
rust spots. No pits 
or roughness . 

Clean except for a few 
rust spots. No pits 
o r r ou ghne s s. 

Clean except for a few 
rust spots. No pits 
or roughness . 

Clean except for a few 
rust spots. No pits 
or roughness . 

Clean except for a few 
rus t spots. No pits 
or roughness. 

Macro 
Fea tu res 

as Received ^ 

Reduced cross section for 
3 in. at one end. P r o 
nounced bend. 

Reduced cross section for 
3 in. at one end. P r o 
nounced bend. 

Bent at one end. 

Bent at one end. 

Bent at one end. 

^ Some of the bending observed may be due to mechanical damage in disassembly 
of rod. 



TABLE III 

Dimensional Measurements of Plates Nos. 2 and 5 
before and after Irradiat ion 

S p e c i m e n M e a s u r e d 3-

B e f o r e I r r a d i a t i o n 
P l a t e No 5 

After I r r a d i a t i o n 
P l a t e No. 2 
( a l p h a - r o l l e d ) at 
U n i f o r m End 
a t Necked End 

P l a t e No. 5 
( b e t a - q u e n c h e d ) 

Shea thed M e a s u r e m e n t s 

T h i c k n e s s 
(in.) 

0 .257 

0.255 
0.237 

0.266 

Width 
(in.) 

1.450 

1.450 
1.377 

1.451 

Leng th 
(in.) 

1 3 i 

1 3 i 

S t r i p p e d M e a s u r e m e n t s 

T h i c k n e s s 
(in.) 

0.170 

0.171 
0.164 

0.177 

Width 
(in.) 

1.340 

1.336 
1.279 

1.349 

Leng th 
(in.) 

12 

12 

^Thickness and width measuremen t s have an est imated tolerance of ±0.002 in. 
or l e s s ; length is measu red to "^ in. 

° Ent i re elongation occurred in a 3-in. length at one end of plate. 

It wil l be s e e n f r o m T a b l e III tha t the s p e c i m e n i r r a d i a t e d a s -
r o l l e d (No. 2) r e m a i n e d n e a r l y c o n s t a n t in t h i c k n e s s and width , but e lon 
ga ted a p p r e c i a b l y . E longa t i on w a s p r a c t i c a l l y confined to the end of the 
p l a t e which had n e c k e d down. The p la t e which had b e e n be t a quenched 
(No. 5) r e m a i n e d u n c h a n g e d in l eng th , bu t the t h i c k n e s s and width d i m e n 
s ions i n c r e a s e d s l igh t ly , of the o r d e r of ten m i l s . 

A p p e a r a n c e of the s t r i p p e d p l a t e s i s r e c o r d e d in Appendix B , F i g 
u r e s 3 to 10. T h e s e wi l l be d i s c u s s e d m o r e fully be low. 

S q u a r e Rod 

It is r e p o r t e d ( 6 ) tha t the l eng th of the s q u a r e rod had r e m a i n e d 
c o n s t a n t du r ing i r r a d i a t i o n . Two s e c t i o n s , e a c h a p p r o x i m a t e l y a f o o t long, 
s h e a r e d fronn the m i d d l e p o r t i o n of the r o d and s t i l l e n c l o s e d in the a lu
m i n u m s h e a t h , w e r e r e c e i v e d at ANL for e x a m i n a t i o n . They a r e shown in 
F i g u r e 11 . Unfo r tuna t e ly , s h e a r i n g was done t h r o u g h the v e r y c e n t e r of 
the p o r t i o n which h a d the v i s i b l e s h e a t h r u p t u r e in it. P a r t of the d i s t o r 
t i on o b s e r v e d in t h i s r e g i o n , t h e r e f o r e , i s due to m e c h a n i c a l d i s t u r b a n c e 
a f t e r i r r a d i a t i o n . All four s i d e s of the a l u m i n u m s h e a t h w e r e s t a i n e d by 
r u s t - c o l o r e d m a t e r i a l on the s u r f a c e . Hand l ing of the s p e c i m e n s d i s lodged 



copious amounts of uran ium oxide from the sheared ends. Careful exam
ination of the corner edges showed them to be bright , and the metal was 
dented and sc raped in p laces . 

Thickness of the sheathed rod var ied, in genera l , from 1.254 to 
1.257 in. over the flat su r faces . On one of the sect ions, however, a r a i sed 
portion, about an inch in d iamete r , appeared and gave the rod a dimension 
approximately Yi i^- g rea te r than the average . Cladding was removed by 
h a m m e r and chisel from the piece on which this r a i sed a r e a was seen. 
Large quantit ies of loose, powdery oxide were present everywhere under 
the cladding. However, along the edges and in the vicinity of the r a i sed 
spot a layer of tightly adherent oxide was presen t . Most of the oxide was 
removed by scraping , brushing, and washing with acetone. The appearance 
of the surfaces at this t ime is shown in F igu re s 12 and 13. 

The dimensions of the rod as cleaned var ied from 1.150 to 1.190 in. 
The l a r g e r spans were found along edges and in those portions where an 
oxide layer was quite evidently st i l l p resen t . Measurements over the bump 
mentioned above ranged up to 0.173 in., so it is evident that the dis tor t ion 
was caused by a heavier than average accumulation of oxide, most of which 
w^as rennoved in the cleaning operation- This spot may be seen in F igure 12-a. 

A network of surface c racks was observed on one face of the b a r , 
extending from its middle to the end remote from the sheath rup tu re . It 
may be seen plainly in F igure 13-d. 

IV. DISCUSSION 

F la t P la te Elements 

On the bas i s of initial examination it was repor ted that the re was 
no visible de ter iora t ion of the sheath, and that the sheath u ran ium contact 
appeared to be very good on those specimens which were stripped, (o) 
Additional examination indicates that this view may be over opt imis t ic . 
That contact was very good at the edges of the plates is evident from an 
examination of F igures 4 and 8, for he re a fair ly general meta l lurg ica l 
bond had formed between core and clad. However, contact away from the 
edges was evidently not so good (Figures 5 and 9), especial ly as surface 
roughness inc reased with i r rad ia t ion t ime. 

Judging from F igure 9 and applying a proper scaling factor, the 
peak- to-va l ley relief on the surface of the beta-quenched specimen (No. 5) 
is approximately 0.020 in. The thickness data in Table III indicate that 
near ly half of this rel ief was produced during i r radia t ion. The Canadian 
r epo r t ' " ) mentions that surface roughness was slightly inc reased at the 
end of i r rad ia t ion . Only the highest peaks were apparently in meta l lu rg ica l 
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con tac t wi th the c l add ing , judging f r o m the a p p e a r a n c e s of the s p e c i m e n s 
a s shown in F i g u r e s 7 and 8. T h u s , even for the d i m e n s i o n a l l y s t ab l e 
b e t a - q u e n c h e d m a t e r i a l , p r o g r e s s i v e w o r s e n i n g of the f lat s u r f a c e c o n t a c t s 
would t end to i n c r e a s e the h e a t f lux and the t e m p e r a t u r e a t the e d g e s . 
T h e r e a r e qui te def in i te i n d i c a t i o n s tha t inc ip ien t e u t e c t i c m e l t i n g b e t w e e n 
c l ad and c o r e h a d o c c u r r e d ( F i g u r e 10). 

Inc ip ien t e u t e c t i c m e l t i n g a p p e a r s to have been w o r s e on the a s -
r o l l e d p l a t e (No. 2) than on the b e t a - q u e n c h e d s p e c i m e n , a l though the f o r 
m e r w a s sub jec t to a m u c h l o w e r n e u t r o n flux. Addi t ional e v i d e n c e of 
o v e r h e a t i n g in t h i s p l a t e i s i n d i c a t e d by an a r e a of d i s c o l o r a t i o n (F ig 
u r e 3-b) in the c e n t e r of "which is a g r o u p of fus ion p i t s ( F i g u r e s 3-b and 
5) . T h e s e e v i d e n c e s a r e in the p o r t i o n of the p l a t e w h e r e l o c a l i z e d e l o n g a 
t ion o c c u r r e d . It i s l i ke ly tha t c l a d - t o - c o r e con tac t h e r e was p r a c t i c a l l y 
n o n e x i s t e n t excep t a t t h e e d g e s and tha t the eu t ec t i c m e l t i n g d a m a g e w a s 
g r e a t e s t in t h i s s p e c i m e n b e c a u s e the g r e a t e r s h a r e of a l l hea t p r o d u c e d 
h a d to b e d i s s i p a t e d t h r o u g h the edge c o n t a c t s . Judging f r o m the r e l a t i v e 
e x p o s u r e s of the two t y p e s of m a t e r i a l , the b e t a - q u e n c h e d a s s e m b l y should 
be ab le to s t a n d at l e a s t t w i c e t h e e x p o s u r e tha t would r u p t u r e an a s - r o l l e d 
e l e m e n t , and p r o b a b l y m a n y t i m e s m o r e . 

3 -

e 2 

-1 -

0 - -° • i 90 ' 

O First Measurement 

• Second Measurement 

• 10 

Uranium Plates Rolled 
in High Alptia Range 

3( f '70 ?" 

Beta-quenched Uranium Plates 

_l_ _L 
0.2 0.4 0.6 

Average Relative Exposure of Plates 

1.0 

F i g u r e 2 E l o n g a t i o n of F l a t P l a t e s as a 
F u n c t i o n of R e l a t i v e E x p o s u r e 

A typ ica l d i f f e rence 
b e t w e e n the d i m e n s i o n a l s t a 
b i l i ty of a s - r o l l e d and b e t a -
quenched m a t e r i a l s i s shown 
by the g roup of flat p l a t e s . If 
it be a s s u m e d tha t buck l ing of 
the r e a c t o r f lux is e s s e n t i a l l y 
a cos ine function fa l l ing off to 
z e r o at the ends of the c o m 
pos i t e rod , the r e l a t i v e expo 
s u r e s of the v a r i o u s p l a t e s 
m a y be c o m p u t e d and d i m e n 
s iona l c h a n g e s m a y be p lo t t ed 
as a funct ion of a b u r n u p r a t i o . 
The da ta which r e s u l t f r o m 
t h e s e a s s u m p t i o n s a r e given 
in T a b l e I and have b e e n 
p lo t t ed in F i g u r e 2. It wil l be 
s een at once tha t t he a s - r o l l e d 
m a t e r i a l , af ter an in i t i a l l ow-
growth e x p o s u r e , t ends to 
e longa te r ap id ly , w h e r e a s the 
b e t a - q u e n c h e d m a t e r i a l e i t h e r 
r e m a i n s n e a r l y unchanged or 
t e n d s to a s l ight s h r i n k a g e . 
Th i s r e l a t i v e b e h a v i o r is to 
be e x p e c t e d f r o m the 



meta l lu rg ica l h i s to ry of the mate r i a l s , (^ '8 ) but, in the tes t under cons ider 
ation, the sheath has apparent ly provided considerable r e s t r a in t to the a s -
rol led specimens so that the elongation is initially re ta rded . The reac to r 
flux probably is not exactly defined by a cosine function. However, so in
t e r r e l a t e d a r e the data from the var ious plates (plate numbers a r e shown 
on the graph) that reducing the sca t t e r of the points would accentuate the 
res t ra in ing effect just mentioned. 

Square Rod 

No evidence of meta l lu rg ica l bonding between clad and core was 
seen on the s t r ipped section of square rod, nor on the cladding removed 
from it. The oxide accumulat ions were typical of cor ros ive aqueous 
at tack and were great enough at the edges of the bar to explain much of 
the rupture damage to the rod sheath. However, the initial perforat ion 
which pe rmi t t ed water to enter cannot logically be at t r ibuted to the in
c r e a s e in dimensions caused by the oxide.(") F r o m the thinned and beaten 
appearance of the sheath ma te r i a l at the rupture and on the co rne r s ad
jacent (see F igure 11), it s e e m s probable that the initial flaw might have 
been caused by an inadvertent bump suffered in handling the heavy rod. 

The c racks appearing on one face of the bar (Figure 13-b) a re clean 
and angular , do not appear to have suffered modification by aqueous c o r r o 
sion, and a re wide enough to have changed the dimensions of the bar appre 
ciably. However, the m e a s u r e m e n t s a c r o s s this face a re identical with the 
p r e i r r a d i a t i o n .data.. It; is mos t l ikely, the re fo re , that they a r e a c raze 
c rack sys tem in an oxide l aye r ready to spall from the surface and not a 
s e r i e s of c r acks in the u ran ium itself. 

V. CONCLUSIONS 

1) The tes t conf i rms the fact that beta-quenched and be ta-annealed 
uran ium bar m a t e r i a l s a r e essent ia l ly dimensionally stable under neutron 
i r rad ia t ion , and that they a r e m o r e subject to surface roughening than 
m a t e r i a l ro l led in the high alpha range . 

2) There is evidence that the flat plate fuel element with unbonded 
aluminum cladding is suscept ible to deter iora t ing heat t ransfer conditions 
when used e i ther with a s - r o l l e d or beta-quenched uranium. The design may 
be adequate for shor t i r rad ia t ion per iods or low ra te s of heat production, 
but its l imitat ions mus t be recognized. Beta-quenched ma te r i a l appears 
to be able to withstand at l eas t twice as much exposure as the a lpha- ro l led 
u ran ium, and probably m o r e . 



•3) The 0.040-in. aluminum cladding exer t s considerable initial 
r e s t r a i n t upon elongation of a lpha- ro l led uranium. However, its yield 
s t rength is apparent ly sma l l e r than the s t r e s s which causes elongation of 
the core . 

4) It is suggested that failure of the square ba r probably s ta r ted 
as a mechanical flaw and proceeded by the cor ros ion mechanism of uranium 
oxide format ion and swelling. 

ACKNOWLEDGMENTS 

The valuable technical a s s i s t ance of A. C. Klank in performing the 
examinations is acknowledged. F . L. Brown and R. J. Fousek ass i s t ed in 
the photographic work. 

REFERENCES 

1. Special Arrangement ; P roposed US/Canadian Development of Exper i 
menta l F la t Pla te Fuel E lemen t s , AEC Staff Paper 43/656 (May 20, 1953). 

2. P roposed US/Canadian Development of Exper imenta l F la t Pla te Fuel 
E l emen t s , AEC Staff Pape r 43/665 (June 10, 1953). 

3. Examinat ion of I r r ad ia ted Fla t Uranium Rods, SR-470, M. J. Lavigne 
to D. B. Langmuir (January 15, 1954). 

4. Sheath P r o g r a m Report No. U.S.-52, SR-TT-1241 , L. A. Abrams , AEC-
SROO (April 27, 1954). 

5. Summary of Examinat ion of I r r ad ia ted Fuel Elements from Chalk River , 
W. F . Murphy (Attached to l e t t e r of t r ansmi t t a l , S. H. Paine to 
L. A. A b r a m s , October 4, 1954). 

6. Boxall, D. G., Report on Visit to the Argonne National Labora tory to 
Examine I r r ad ia t ed Uranium Rods, Atomic Energy of Canada, Limited, 
Met 1-4 (November 24, 1954). 

7. Pa ine , S. H., Pe r s i an ! , P . J., and Murphy, W. F . , I r radia t ion of P r o t o 
type C P - 4 (EBR-I) Reactor Fuel Slugs in the C P - 3 ' Goat Hole, ANL-5855 
(1958). 

8. Pa ine . S. H., and Kittel , J. H., I r rad ia t ion Effects in Uranium and Its 
Alloys, P r o c . Int. Conf. on the Peaceful Uses of Atomic Energy, _7, 
445-454 (1955). 



APPENDIX A 

Metal lurgical and I r radia t ion History of Specimens (") 

F la t Pla te Composite Rod 

P la tes were all cut from a single b a r of na tura l uranium, 11 ft long 
and 0.170 x 1.340 in. in c r o s s sect ion, which had been rolled in the high 
alpha range . P la tes were 12.0 in. long and were numbered consecutively 
from 1 to 10, s tar t ing at the end which cor responded to the original ingot 
bottom. 

Odd-numbered specimens were heated in a lead pot at 1350°F 
(732°C) for 2Ymin, then quenched in 68°F water (20°C). Even-numbered 
specimens were left in the a s - r o l l e d condition. All plates were pickled 
in hot n i t r ic acid to remove lead and roll ing scale . Dovetails and fiducial 
edge grooves were machined, the general surface, however, being left as 
it came from pickling. 

Aluminum end plugs were fitted into the dovetails at ends of p la tes , 
and the plates were introduced into individual extruded aluminum tubes 
having 0.040-in. walls which thickened to 0.055 in. at the edges of the 
p la tes . Each as sembly was then drawn through a die to insure close con
tact betw^een sheath and co re , and the ends were he l ia rc welded after p r e 
heating w^eld a r e a . The sheathed plates were loaded end to end in a special 
tube which pe rmi t t ed light water to c i rcula te past them when placed in the 
r e a c t o r , and kept the e lements in line and under l a t e ra l r e s t r a in t by means 
of four,—-in. round aluminum tubes nes ted against them in the water channel. 

The as sembly was given 675 MWD/T of exposure in the NRX reac to r , 
and was dimensioned radiographical ly at the 423 and the 625 MWD/T levels . 
After the l a t t e r exanaination, i r rad ia t ion was discontinued because of the 
d i scovery of a ruptured sheath on the No. 6 element in the composi te . 

Square Rod 

The square bar was rol led in the high alpha range to l-j-in. dimen
sions f rom a s tandard 4—-in. d iameter ingot. It was ro l le r s t raightened 
and then beta t r e a t e d by heating for 15 min in a lead bath at 1000°F (538°C), 
t r ans fe r r ing to a second hath at 1350°F (732°C) for 5 min, quenching back 
into f i rs t lead bath for 5 min, and then removing to a water quench. Roller 
s traightening was r equ i red after heat t r ea tmen t . The bar was then machined 
to the final core dimension of 1.146-1.150 in. by 10 ft long, leaving a radius 
of 32 in. at all c o r n e r s . Sheathing was accomplished by placing it in a 
0.040-in. wall a luminum tube and drawing the assembly through a die. Clo
sure was completed by s tandard welding techniques. 



The rod was i r r ad ia t ed to an exposure of 362 M W D / T and was r e 
moved because of radioact ivi ty in the coolant water flowing through its 
channel. Examinat ion d isc losed that the sheath had split along one corner 
of the rod for an approximate length of 3 in. near its middle. 



APPENDIX B 

Stereophotographs of Specimens 

The photographs shown in F igu re s 3, 7 and 11-13 were made with a 
special monocular c a m e r a cons t ruc ted at ANL to take s t e r eo views ser ia l ly 
through the wall of the cave. F i g u r e s 4-6 and 8-10 were taken with a Bausch 
and Lomb s tereobinocular const ructed special ly for cave use . 
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Figure 3. Views of Both Sides of Flat Plate No. 2 With Sheath 
Removed (As-rolled material) 
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Figure k' Magnified View of Plate No. 2 at Edge. Raised edge, peirallel 
fissure, and adhering aluminum axe seen clearly in this stereo. 
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Figure 5. View of Surface Pits on Damaged End of Plate No. 2 
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6. Greatly Enlarged View of Aluminum Fused to Edge of Plate No. 2. 
Notch is fiducial mark used for radiographic dimensioning of 
plate before removal of sheath. 
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Figure 7. Views of Both Sides of Flat Plate No. 5 With Sheath 
Removed (Beta-annealed material) 
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Figure 8. Magnified View of Plate No. 5 at Edge. Raised edge, rough 
surface, and adhering aluminum are seen in this stereo. 
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Figure 9. Typical View of Surface near Middle of Plate No. 5. 
evidence of poor contact between sheath and core. 

Note 
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Figure 10. Greatly Enlarged View of Aluminum Fused to Edge of Plate No. 5 
at Fiducial Notch 
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Fig;ire 11. Views of Sheathed Square Rod at Sheared End (As 
received) 
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Figure 12- Views of Half the Perimeter of Square Rod after Removal 
of Sheath. Note corrosion damage to edges and surfaces. 
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Figure 13. Views of Other Half Perimeter of Square Rod. Note 
jagged longitudinal cracks along one surface. 
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