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EXAMINATION OF IRRADIATED RaLa SOURCE FUEL ROD 
(PROTOTYPE NO. 2) FOR LOS ALAMOS SCIENTIFIC LABORATORY 

by 

S. H. Paine , W. F. Murphy and F. L. Brown 

ABSTRACT 

A LASLfuel-bear ing assembly was i r rad ia ted in the 
Mater ia ls Test ing Reactor and subsequently examined at 
ANL. The design was found to be adequate for containing 
specimens i r r ad ia ted to high burnup levels if cer ta in de ­
fects introduced by the fabricat ion procedure a re cor rec ted . 

I. INTRODUCTION 

In August, 1953, the I r rad ia t ion Group of the Metallurgy Division 
at Argonne National Labora tory was asked to d isassemble and examine a 
specially fabricated reac tor rod, containing a smal l amount of enriched 
uranium, which had been i r r ad ia ted to a high burnup level in the Mate­
r ia l s Testing Reactor . The rod, known as the "RaLa Source Fuel Rod," 
had been fabricated at Los Alamos Scientific Laboratory as pa r t of a 
special capsule development program.(1) Up to that t ime fission products 
des i red for use in LASL studies had been obtained through the laborious 
process ing of tons of uranium at Oak Ridge.v*^) It was conceived that 
large amounts of f ission products might be concentrated in a smal l amount 
of ma te r i a l , thus great ly reducing the labor of extract ion, if uranium-235 
were i r r ad ia ted instead of na tura l uranium. Burnup levels of 10% or more 
of the f issi le a toms were envisioned. 

The ANL group was in te res ted in looking at fuel meta l s having high 
specific exposures and was par t i cu la r ly glad of the opportunity to examine 
a specimen in which the es t imated burnup of total atoms averaged 7%, a 
figure considerably higher than had been reached in their own work at 
that t ime. The task was accepted, and the work was performed late in 
1953.w) Results were repor ted by correspondence as they became avai l ­
able. After the major port ion of the projected study had been completed, 
the specimen was found to have less than 20% of the anticipated burnup. 
In te res t at LASL was t r a n s f e r r e d to advanced designs which benefited 
from the ANL recommendat ions . ( 1 ' ^ / Some time la ter the project was 
suspended when it became cer ta in that an abundance of fission products 
would be available through p rocess ing of spent MTR fuel elements.(2) 



In view of the continued importance of s ta inless steel in the tech­
nology of fabrication of uranium fuel pins some of the ANL findings during 
the investigation inay have genera l in teres t . Therefore , the work p e r ­
formed is descr ibed in this repor t , and the resu l t s a r e summar ized after 
a brief initial descr ip t ion of the specimen capsule and its i r radiat ion. 

II. DESCRIPTION OF SPECIMEN IRRADIATION 

The rod received at ANL was known as Prototype No. 2 in the 
s e r i e s of models developed at LASL. Its design and dimensions a r e in­
dicated in Figure 1. Per t inen t meta l lu rg ica l details of its fabrication 
have been obtained from LASL sources ! 1 "3) and will be found in Appen­
dix A. It was essent ia l ly a 1.27-mm (0.050-in . ) -diameter wire of highly 
cold-worked uranium meta l surrounded successively by a 0.152-mm 
(0.006-in.)-wall capsule of Type 347 s ta in less s teel and two retaining 
jackets of 2S aluminum, which brought the total d iameter to 1.27 cm 
(0.500 in.). The three enc losures had been sized over the core for good 
t he rma l contact by drawing through appropr ia te d ies , and the outer jacket 
had been fluted longitudinally to inc rease its cooling surface. All ends 
had been closed by inser t ion of plugs of the proper m a t e r i a l s , followed 
by Hel iarc welding. Voids had been left between weldments and ends of 
the core m a t e r i a l for accommodat ion of fission product gases . Figure 2 
is a radiograph of the finished assembly , reproduced from a pr int fur­
nished by LASL. 

The assembly was at tached to an adapter and inser ted in MTR 
ref lector posit ion A-36;(3) the average unperturbed the rmal flux is 
repor ted to be 1.5 x 10^* nv. I r rad ia t ion extended from August 13 to 
August 26, 1953, a total of 292 h r , and the reac tor output was 336 MWD. 
Total exposure rece ived by the fuel pin was es t imated by MTR personnel 
to be 3.2 X 1 O'^^nvt, after allowing for flux depress ion and self-shielding. 
F r o m this number an instantaneous flux of 3.05 x 10^^ nv was computed. 
Tempera tu re of the u r an ium-s t a in l e s s steel interface had been es t imated 
at 400°C. The rod was s tored in the canal for one week after removal 
from the reac to r , and then was shipped to ANL. 

III. EXAMINATION PROCEDURE 

The appearance of the spec imen rod as received at ANL is shown 
s tereographica l ly in Figure 3. The photograph was made with an L-shaped 
monocular c a m e r a sys tem which could be rotated in the wall of the cave 
through the p roper s te reo angle. The upper end of the rod had been cut in 
such a way that a section of the support and pull rod was still attached. 
The lower adapter appeared to have been cut flush with the end of the 
fluted section. The assembly was free from evidence of cor ros ion except 
for the bottom end, on which can be seen an accumulation of white powder. 
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Figure 1. Design of RaLa Source Fuel Rod Prototype No. 2 (Reproduced from LASL-006065) 
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Figure 2. Radiograph of RaLa Prototype No. 2 before Irradiation (Reproduced from LASL-006064) 
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14924 1/2X 
Figure 3. Stereophotograph of RaLa Rod as Received at ANL 

Before the a l u m i n u m j a c k e t w a s r e m o v e d , h e a t g e n e r a t i o n of the 
a s s e m b l y w a s checked by p l ac ing a t h e r m o c o u p l e j unc t ion in con tac t w i th 
i t in the m i d d l e of one of the f luted c h a n n e l s . The r e a d i n g s ob ta ined w e r e 
4 to 6°C h i g h e r than a m b i e n t . H o w e v e r , when the a s s e m b l y w a s p l a c e d in 
a b e a k e r conta in ing 700 m l of w a t e r , the change in t e m p e r a t u r e w a s only 
one d e g r e e for an i m m e r s i o n of half an h o u r . It w a s , t h e r e f o r e , ev iden t 
t ha t the s t a i n l e s s s t e e l c a p s u l e would not need s p e c i a l cool ing a f t e r s t r i p ­
ping of the a l u m i n u m . 

All of the a l u m i n u m tha t had b e e n in con tac t wi th r e a c t o r coolant 
w a t e r w a s r e m o v e d in a l a t h e , so tha t the d i a m e t e r w a s r e d u c e d to 6.4 m m 
(O.Z5 in.) and the l eng th to s l i gh t ly g r e a t e r t h a n tha t of the i nne r c a p s u l e . 
In the m a c h i n i n g o p e r a t i o n the t ip of the s t a i n l e s s s t e e l plug on the bo t tom 
end of the c a p s u l e w a s a c c i d e n t a l l y c o n t a c t e d and s c a r r e d s l igh t ly by the 
la the tool . 

Next , sod ium h y d r o x i d e so lu t ion w a s u s e d to c o m p l e t e l y expose 
about 6.4 m m (-7- in.) of e a c h end of the s t a i n l e s s s t e e l pin , the l eng th of 
wh ich w a s then m e a s u r e d ca re fu l l y whi le s t i l l e m b e d d e d in the r e m a i n d e r 
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of i t s ou t e r j a c k e t . At t h i s poin t a c i r c u m f e r e n t i a l c r a c k w a s o b s e r v e d 
a p p r o x i m a t e l y 3.2 m m (~ in.) f r o m the end of the p in which had been 
touched by the l a the tool . Th i s end had been a t the bo t tom of the a s s e m b l y 
a s it i s shown in F i g u r e 3. Af ter the l eng th m e a s u r e m e n t s had been m a d e , 
the r e m a i n d e r of the a luminu in j a c k e t w a s d i s s o l v e d in sod ium hydrox ide 
so lu t ion and the l eng th of the c a p s u l e w a s aga in m e a s u r e d . No change w a s 
d e t e c t e d . The l eng th da t a a r e g iven in Tab le I. 

Tab le I 

L E N G T H MEASUREMENTS^^^ O F STAINLESS S T E E L 
C A P S U L E AND URANIUM CORE 

Leng th 

Capsu l e 
L e n g t h a s f a b r i c a t e d 
L e n g t h a s j a c k e t e d w i th Alio) 
Leng th in j a c k e t a f t e r i r r a d i a t i o n 
L e n g t h a s s t r i p p e d 

C o r e 

cm 

14.61 
14.8Z8 
14.83 
14.83 

12.7 
12.802 

Unknown 

in. 

5.75 
5.838 
5.84 
5.84 

5.0 
5.040 

Unknown 

L e n g t h of u n e n c a p s u l a t e d w i r e 
L e n g t h a s e n c a p s u l a t e d in a s s e m b l y ! " ) 
L e n g t h a f t e r i r r a d i a t i o n 

^ ^ ' M e a s u r e m e n t s m a d e in i n c h e s and c o n v e r t e d to c e n t i m e t e r s . 

' •^/Deduced f rom m e a s u r e m i e n t s of r a d i o g r a p h i c p r i n t r e p r o d u c e d 
in F i g u r e 2. M e a s u r e m e n t s w e r e n o r m a l i z e d to 2 0 . 3 2 - c m 
(8 .000 - in . ) o v e r a l l l eng th of o u t e r j a c k e t . 

F i g u r e 4 shows the full l eng th of the fuel p in a f te r the s t r i pp ing 
o p e r a t i o n . The d i a m e t e r is v i s i b l y s m a l l e r t han a v e r a g e n e a r the e n d s , 
and t h e s e r e g i o n s a r e shown a t h i g h e r m a g n i f i c a t i o n in F i g u r e 5. T h e i r 

14916 IX 

Figure 4. Stainless Steel Fuel Capsule after Removal of Aluminum Jackets 
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14915,14 il2 4X 

Figure 5 Enlarged View of Ends, Showing Regions of Reduced Diameter a) Upper, b) Lower 
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l e n g t h s a r e a b o u t e q u a l a n d c o r r e s p o n d e x a c t l y w i t h t h e p o r t i o n s of t h e p i n 
w h i c h o r i g i n a l l y c o n t a i n e d n o n e of t h e c o r e m a t e r i a l . T h e y c o r r e l a t e a l s o 
w i t h r a d i o g r a p h i c m e a s u r e m e n t s of c o r e l e n g t h w h i c h t h e L A S L w o r k e r s 
o b s e r v e d p r i o r t o i r r a d i a t i o n . T h e n e c k e d - d o w n p o r t i o n s a r e d i s c e r n i b l e 
i n t h e p r i n t r e p r o d u c e d a s F i g u r e 2 . T h e e n d w e l d s a r e sho 'wn in g o o d 
d e t a i l i n F i g u r e 6. 

a) 

b) 

I 

14917, 14918 

k̂ . 
8X 

Figure 6. Enlarged View of End Welds, Showing Circumferential Crack in Cladding. Upper weld 
(a) was sound, although at first examination a crack was suspected. 



Careful m e a s u r e m e n t s of d iameter at various points along the length 
of the pin were made with a 1-in. m i c r o m e t e r and also a Riehle gauge having 
a knife-edge anvil. The la t te r m e a s u r e m e n t s show the reduction in diam­
eter near the ends bet ter than the former . All values a re tabulated in 
Table II. 

Table II 

DIAMETER MEASUREMENTS OF STAINLESS STEEL CAPSULE 

Diameter 
from Top 

cm m. 

At Top 
0.32 l / s 
0.64 1/4 
2.54 1 
5.08 2 
7.62 3 

10.16 4 
12.70 5 
14.48 5.7 
At Bottom 

Diameter Measurements(^) 

Before 
Irradiation''-*^ 

m m 

1.524 
1.397 
1.372 
1.524 
1.524 
1.524 
1.524 
1.524 
1.473 
1.575 

in. 

0.060 
0.055 
0.054 
0.060 
0.060 
0.060 
0.060 
0.060 
0.058 
0.062 

After I r r 

By 1 -in. 
Micrometer 

m m 

1.524 
1.516 

-

1.499 
1.524 
1.534 
1.526 
1.526 
1.499 
1.671 

in. 

0.060 
0.0597 

-
0.0590 
0.0600 
0.0604 
0.0601 
0.0601 
0.0590 
0.0658 

adiation 

By Riehle 
Gauge 

m m 

1.524 
1.397 
1.397 
1.524 
1.524 
1.524 
1.549 
1.524 
1.448 
1.651 

in. 

0.060 
0.055 
0.055 
0.060 
0.060 
0.060 
0.061 
0.060 
0.057 
0.065 

' ^ /Measurements made in inches and converted to mi l l ime te r s . 

v'^/Values obtained by scaling from Figure 2 and from radiographs 
in Reference (l), normal iz ing measu remen t s to 1.524-mm (0.06l-in.) 
d iameter in middle of capsule. 

The surface of the s ta in less steel cladding was smooth and metal l ic 
in appearance , with varying color from light straw to deeper tones. An 
idea of the extent of this var ia t ion may be gained from Figure 4. Deeper 
discolorat ion at the ends of the pin is doubtless due to the welding 
operation. 

The maximum centra l t empera tu re in the uranium had been com­
puted as 450°C, which would place the surface tempera ture in the region 
of 400°C. Since an auxil iary diffusion tes t between well-cleaned 2S alu­
minum and Type 347 s ta in less steel had been run at ANL with negative 



r e s u l t s a t 400°C, it w a s not s u r p r i s i n g to find no a r e a s on the pin which 
s u g g e s t e d any th ing m o r e than good miechanica l con t ac t with the ou t e r 
j a c k e t . The s a m e t e s t h a d shown tha t so l id r e a c t i o n b e t w e e n the two m e t a l s 
would be a p p r e c i a b l e a t 550°C * 

The bond b e t w e e n s t a i n l e s s s t e e l she l l and u r a n i u m c o r e w a s ex~ 
an i i ned m e t a l l o g r a p h i c a l l y in l ong i tud ina l and c r o s s s e c t i o n s t a k e n n e a r the 
m i d d l e of the pin . The p h o t o m i c r o g r a p h s in F i g u r e 7 a r e c h a r a c t e r i s t i c 
of the u n i f o r m c o n t a c t b e t w e e n c l ad and c o r e in th i s r e g i o n . The u r a n i u m 
m a t r i x s t r u c t u r e p r o v e d to be c o m p l e t e l y i n s e n s i t i v e to d i f f e ren t i a t ion 
u n d e r p o l a r i z e d l igh t . T h e u r a n i u m i s a t the b o t t o m in e a c h p h o t o g r a p h . 

All s e c t i o n i n g of the s p e c i m e n for in i t i a l eva lua t i on had to be done 
by a s h e a r i n g o p e r a t i o n . It w a s o b s e r v e d tha t c l e a v a g e of the u r a n i u m had 
a b r i t t l e c h a r a c t e r , wi thout any s ign of duc t i l e flow. B e c a u s e of the l i m i t a ­
t ion in cu t t i ng n ie thod , i t w a s d e c i d e d not to t r y to e x p l o r e the ends of the 
p in d u r i n g the in i t i a l w o r k , but to r e t a i n one p i ece to s tudy when a b e t t e r 
m e t h o d of s e c t i o n i n g h a d b e e n found. A c c o r d i n g l y , a l l p i e c e s e x c e p t the 
top end and a s m a l l c r o s s s e c t i o n for b u r n u p a n a l y s i s w e r e s h i p p e d to 
L o s A l a m o s for r e c o v e r y of f i s s i o n p r o d u c t s and for an i ndependen t check 
of b u r n u p . In T a b l e III a r e g iven the r e s u l t s of the two b u r n u p a n a l y s e s , 
t o g e t h e r wi th a v a l u e c o m p u t e d f r o m n o m i n a l flux. It is a p p a r e n t tha t 
t h e l e v e l of b u r n u p fell f a r s h o r t of t h e a n t i c i p a t e d 7%. 

F i n a l e x a m i n a t i o n of the end p i e c e was done a f t e r an E l o x s p a r k 
cu t t ing naach ine had b e e n a d a p t e d for s t r a i n - f r e e cutoff w o r k in the ANL 
M e t a l l o g r a p h y c a v e . A t r a n s v e r s e cut w a s m a d e t h r o u g h the void b e t w e e n 
c o r e and end p lug . A l o n g i t u d i n a l m e t a l l o g r a p h i c s e c t i o n of the l a t t e r 
w a s m a d e , which showed tha t t h e end we ld was s t i l l in e x c e l l e n t cond i t ion 
and tha t i t h a d su f f e r ed no t e n s i l e s t r a i n . The p i e c e con t a in ing the c o r e 
w a s m o u n t e d for c r o s s - s e c t i o n a l p o l i s h i n g on the f r e s h l y cut f a ce . In 
the m o u n t i n g p r o c e s s the s p e c i i n e n w a s i n c l i n e d a p p r o x i m a t e l y 20 to 25 
f r o m the v e r t i c a l , and, t h e r e f o r e , a s po l i sh ing p r o g r e s s e d an ob l ique 
s e c t i o n r e s u l t e d . It is shown in F i g u r e 8 a s it a p p e a r e d j u s t b e f o r e the 
l a s t ch ip of B a k e l i t e in t h e end void w a s g r o u n d away . The wavy b o u n d a r y 
b e t w e e n u r a n i u m c o r e and B a k e l i t e i n d i c a t e s t ha t only m o d e r a t e r o u g h e n ­
ing in the end of the c o r e had o c c u r r e d . O v e r p o l i s h i n g of the s p e c i m e n 
and d i a m o n d i n d e n t a t i o n s show the u ran iuna to be h a r d e r t han the s t a i n l e s s 
s t e e l c l a d d i n g . Q u a n t i t a t i v e h a r d n e s s da t a w e r e not o b t a i n e d . 

* 90 h r a t 400°C - no r e a c t i o n , 
92 h r at 550°C - 0 . 0 5 1 - 0 . 1 0 2 m m (0 .002-0 .004 in.) so l id r e a c t i o n . 

266 h r a t 550°C - 1 .524-1 .575 m m (0 .060-0 .062 in.) so l id r e a c t i o n . 
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Figure 7 Photomicrographs of Bond between Core and Cladding 
a) Longitudinal Section, b) Cross Section 



Tab le III 

B U R N U P ANALYSIS 

Laboratory 

ANL 
LASL 
ANL 

Assay Method 

Cs""^ 
Cei44 

Computed from 
flux(b) 

Percen t Total Atom Burnup 

Average Away 
from Ends 

1.2 
1.0 ± 0.05 
1.5 

Surface!3-) Away 
from Ends 

2.4 
2.0 
3.0 

' ^ / C o m p u t e d f r o m a v e r a g e b u r n u p b y m e t h o d s d e s c r i b e d in 
R e f e r e n c e (4 ) . 

( ^ ) A s s u m i n g 3 .2 x 10-^' n v t e f f e c t i v e , 4 8 4 b . 

25999 As Polished 75X 

Figure 8 Oblique Section of RaLa Pm at End of Core. Overpolishing shows 
the core material to be harder than the cladding. 



IV. DISCUSSION OF RESULTS 

The original reques t for this work had expressed an in te res t in 
discovering: 

1. whether or not the level of gamma heating attained by the 
freshly i r r ad ia ted uranium pin when freed from its aluminum 
sleeves would be dangerously high; 

2. whether or not rupture of the s ta inless s teel sheath had oc ­
cur red , and whether or not leakage of fission products was 
pronounced; 

3. condition of bonds between uranium, s ta in less steel and 
aluminum; 

4. what dimensional or other physical changes might have oc­
c u r r e d in the uranium wire and its cladding; 

5. how much of the uranium was actually burned by the i r radia t ion. 

Answers to mos t of these questions were found during the course of 
the initial examination. The gamma heating was not objectionable. Rupture 
and leakage had occur red , but the la t ter presented no special problem. 
Heat t r ans fe r conditions had remained optimum. Physica l changes in the 
uranium had occur red , but the meta l was yet raetal and had been retained 
with reasonable success by its capsule. A burnup of between 1.0 and 1.5% 
had been achieved. 

During the course of the initial examination of the RaLa pin, it was 
thought probable that the highly cold-worked core m a t e r i a l had elongated 
and filled up the voids in the ends of the specimen. The overal l length of 
the assembly was evidently g r e a t e r than the nominal length of the s ta inless 
clad pin; moreove r , fai lure of the jacket at the end weld was associa ted 
with a necking down of the adjacent portion, ANL work had shown(5) that 
cold-worked uranium specimens could be expected to double in length for 
burnups of 0.08-0.10 a /o when i r r ad ia ted at modera te temiperature, but 
without undue r e s t r a in t . 

Considerable in te res t was crea ted , therefore , by the real izat ion 
after further study that elongation of the RaLa pm core had been negli­
gible. Counter to what had been anticipated, there was no detectable 
invasion of the end voids nor pulling of the core away from the cladding. 
As for the overal l length changes and pinching down at the ends, they were 
found to co r re l a t e with LASL exper ience in fabrication. Also, the clad 
failure was in all r e spec t s s imi la r to fabricat ion-induced breakage which 
had been observed in another prototype spec imen, ' ! ) except that X-ray 
examination before i r rad ia t ion had not shown a c rack in Prototype No, 2, 



A rough tensi le tes t was per formed to simulate the r e s t r a in t p r o ­
vided by the outer aluminum jacket . It was found that a mechanical a s ­
sembly of aluminum swaged onto a smooth steel wire would provide a 
shear gripping force of approximately 28.1 kg/cm^ (400 psi) of surface 
under optimum conditions. Reductions in a r ea of the assembly of about 
60% were required . Relaxation through springback of the aluminum 
sheath was found to occur at only slightly higher values. To overcome 
this r e s t r a in t , tensi le or compress ive s t r e s s e s of more than 7030,7 kg /cm 
(100,000 psi) would have to be genera ted in a specimen having the RaLa 
pin d iameter . 

These resu l t s explain why the s ta inless s teel capsule could not 
have elongated during i r rad ia t ion . However, failure of the free ends of 
the uranium wire to grow into the end cavit ies is probably not due solely 
to this cause . At these points fr ict ional s t r e s s e s could readily be relaxed 
by a slight reduction in d iameter of the uranium core . Here the signifi­
cant locking mechan i sm may well be fission recoi l bonding between core 
and clad before any appreciable growth s t r e s s e s were developed.(6) 

The absence of in te rmeta l l ic compounds from the c lad-core 
interface l imits the i r rad ia t ion t empera tu re to less than 375°C,(''') In 
view of the fact that the total burnup was only 20% of that anticipated, 
it is likely that the interface t empera tu re remained far below this l imit 
during the ent i re course of the MTR exposure . 

V CONCLUSIONS 

The findings may be summar ized as follows: 

1. The RaLa assembly proved to be ent i rely adequate as an en­
closure for f issi le m a t e r i a l s during i r rad ia t ion The r e s t r a in t s imposed 
upon the inner pm completely suppressed a strong tendency of the fuel 
m a t e r i a l to change its shape. F iss ion recoi l bonding between pm clad 
and core and frict ional contact between clad and outer jacket were postu­
lated as the major factors in effecting this stability, 

2. Defects, such as the c racked end weld on the inner pin and 
necking down of the cladding in the end region, have been at tr ibuted to 
the fabricat ion p r o c e s s . El iminat ion of voids between core and end plugs 
would make assembly procedure l ess c r i t ica l . Excellent the rmal contact 
between core , clad, and outer sheath was produced by the assembly tech­
nique. Added safety in the design could be obtained by beta heat t reat ing 
the core wire after reduction to final s ize . 



3. The uranium proper t i e s and s t ruc ture , except for complete 
absence of radiat ion growth usually assoc ia ted with heavily cold-worked 
m a t e r i a l , were cha rac t e r i s t i c of meta l i r rad ia ted to one or two percent 
total atom burnup in the low a lpha - t empera tu re range. The core ma te r i a l 
sheared without plast ic deformation, was somewhat harder than the s ta in­
l e s s s teel cladding enclosing it, and was metal lographical ly insensit ive 
to polar ized light, 

ACKNOWLEDGMENTS 

The authors a re indebted to A. C Klank, ANL Metallurgy Division, 
for technical a s s i s t ance in performing the examinations, Burnup analyses 
were made by E. H. Turk, ANL Chemical Engineering Division, and by 
M. A. Meln ickandJ , D. Knight, LASL, 



REFERENCES 

1. Hockett, J E. , et_al., Fabr ica t ion P rocedure for RaLa Source Fuel 
Rods, LA-2034 (Feb 1956). 

2. Schulte, J . W., P r o c e s s Development Studies for Recovering Ba-̂ ^̂  
f rom I r rad ia ted Enr iched Uranium Rods. LA-2037 (March 1956). 

3. Hammond, R. P . , LASL, P r iva t e Communication. 

4. Taraba , F . R., and P a m e , S. H., The Radial Distribution of Thermal 
Flux in Cylindrical Fue l Specimens during Neutron I r radia t ion, 
ANL-5872 (1959). 

5. Kittel , J. H., and Pa ine , S. H., Effects of High Burnup on Natural 
Uranium, ANL-5539 (1957). 

6. Pa ine , S. H., Brown, F . L. , and Murphy, W. F . , P re l imina ry Studies 
of I r rad ia t ion Damage to Uran ium-Zi rcon ium Alloys, ANL-5537 
(Oct 1956) 

7. Weil, R., and Pa ine , S. H., Effect of I r radia t ion upon Interdiffusion 
of Stainless Steel and Uranium, ANL-5346 (1953) 



APPENDIX A 

Fabr ica t ion P rocedure 

The following information was furnished by LASL. (1'3) 

A. The U '̂̂ ^ was vacuum cast into a 1.03-cm (0.406-in.)-diameter 
by 15.24-cm (6-in )-long bar . The bar was plated with 51/i 
(2 mils) of s i lver . 

B. The plated bar was swaged to 3.175-mm (0 125-in ) -d iameter 
wire (90% reduction in a rea ) . 

C The wire was w a r m (100°C) drawn to 1.27-mm (0.050-in.) d iam­
eter (84% additional reduction, total 98%). 

D. A 12.7-cm (5-in.)-long section was cut from the wire The si lver 
plating was removed. The 12.7-cm (5-in.) piece "̂ vas e l ec t ro -
polished and inse r t ed into the s ta inless steel tubing 

Stainless Steel 

A. A 20 3-cm (8-in.) length was cut of 1.626-mm (0.064-in.)-
d iameter by 0 152-mm (0.006-in )-waH Tvpe 347 s ta inless steel 
tubing 

B The tube section was swaged to a point d iameter of 1.47 3 mm 
(0.058 in ) for a distance of 5.08 m m (2 m.) at one end 

C. Acetone •was forced through the tube with a hypodermic syringe 
to degrease it. 

D. The tube was etched and pass iva ted by forcing the following 
liquids through it in the o rder l is ted: concentrated HCl, water , 
concentrated HNO3. wa te r , and ethyl alcohol. It was then dried 
in an oven for 5 min at 150°C. 

E The freshly e lect ropol ished U^̂ ^ wire was inser ted in tube 
(I-D above). 

F . The assemibly was drawn to a 1.524-n3.m (0.060-in ) outside 
diameter 

G. The assembly was cut to a length of 14.6 cm (5.75 in.) and sealed 
as follows 



1. A 4 . 7 6 - m n i (0 .188- in . ) l eng th of s t a i n l e s s s t e e l w i r e w a s 
i n s e r t e d in e a c h end of the tube . 

2. The e n d s w e r e w e l d e d by H e l i a r c . 

3. The w e l d s w e r e s w a g e d to 1.524-miTa (0 .060- in . ) d i a m e t e r 
and g r o u n d to g ive a l e n g t h of 14.6 c m (5.75 in . ) . 

I n n e r A l u m i n u m 

A. A 3 0 . 4 8 - c m ( l 2 - i n . ) l eng th of 6 . 3 - m m ( 0 . 2 5 0 - i n . ) - O D b y 0 . 8 8 9 - m m 
( 0 . 0 3 5 - i n . ) - w a l l 2 S - l / 4 H a l u m i n u m a l loy tube w a s cut . 

B . The i n s i d e of the a l u m i n u m tube w a s e t ched by m e a n s of an eye 
d r o p p e r w i th l i q u i d s a s fo l lows : wi th w a r m (7 5°C) 10% NaOH, 
r i n s e d wi th w a t e r , 50% of c o n c e n t r a t e d HNO3 in w a t e r , w a t e r , 
a l c o h o l . It w a s then oven d r i e d . 

C. A 1 . I l l - c m (0 .4375- in . ) l eng th of 3 . 1 7 5 - m m ( 0 . 1 2 5 - i n . ) - d i a m e t e r 
2S a luna inum V/^ire -was d r i v e n in to one end. Tha t end w a s swaged 
in 5 . 5 5 - m m (0 .2187- in . ) swaging d i e s for 7.62 c m (3 in.) to f o r m 
a po in t . I t w a s t hen d r a w n t h r o u g h a 5 . 5 6 - m m ( 0 . 2 1 9 - i n . ) -
d i a n a e t e r d i e . 

D. The jDlugged end w a s p o i n t e d for 10 c in (4 in.) to a 4 . 7 5 - m m 
(0 .187- in . ) d i a m e t e r . Then the f ron t 5.08 c m (2 in.) w a s po in ted 
to a 3 . 9 6 - m m (0 .156- in . ) d i a m e t e r . 

E . The s t a i n l e s s c a p s u l e "was i n s e r t e d a l l the way into the 2S a l u m i ­
n u m tube and then -withdrawn 1.27 cm. (0.5 in . ) . The a s s e m b l y 
w a s d r a w n t h r o u g h 5.56, 4 . 7 5 , 4 .32 , and 4 . 0 6 - m m (0.219, 0 .187, 
0 .170, and 0 . l 6 0 - i n . ) d i e s . 

F . The s t a i n l e s s s t e e l c a p s u l e Avas s e a l e d in the a l u m i n u m tube a s 
fo l lows : 

1. The p o i n t Avas cut off the a l u m i n u m tube and the ends of 
the s t a i n l e s s s t e e l c a p s u l e were l o c a t e d . The tube w a s then 
cut to 1 7 . 1 4 5 - c m (b .75 - in . ) l eng th . 

2. T h e n 6 . 3 5 - m m ( 0 . 2 5 - i n . ) - l o n g p lugs of 1 . 5 2 - m m ( 0 . 0 6 0 - i n . ) -
d i a m e t e r 2S a l u m i n u m "wire w e r e d r i v e n in to the ends of the 
t u b e . The ends •were w e l d e d by H e l i a r c , swaged to 4.06-iTim 
( 0 . l 6 0 - i n . ) d i a m e t e r and g r o u n d to 1 7 . 1 4 5 - c m (6 .75- in . ) 
l e n g t h 

G. The o u t s i d e w a s then e t c h e d and c l e a n e d a s d e s c r i b e d in I l l - B . 



Outer Aluminum 

A. A 15.875-cm (6.25-in.) length of 2.54-cm ( l - in ) -d iameter 28-0 
bar stock was cut. A 1. I l l - c m (0.4375-in.) hole was dri l led 
through the long axis . With the ends of the holes as cen te r s , the 
outside was turned to a 2.075-cm (0.817-in.) d iameter . 

B. One end of the machined tube •was pointed to a 1.667-cm 
(0.6562-in.) d iameter . 

C The inside of the tube •was etched and cleaned as descr ibed in 
III-B. 

D. The tube was drawn to 1.746 cin (0.6875-in.) and then to a 
1.588-cm (0.6250-in.) outside diameter (41% reduction). It was 
then pointed. 

E. The inner aluminum assembly •was fully inser ted and then with­
drawn 1,27 cm (0.500 in.), 

F . The assembly was drawn to 1.429 cm (0.5625 in.) and then to a 
1.27-cm 0.500-in.) outside d iameter (36% additional reduction, 
total 63%) 

G. The assembly was ixiachined and cut to length, as shown in 
F igure 1. 

H. After machining flutes and tapping the ends, the finished rod was 
degreased. Then it was i m m e r s e d in 1 6 N HNO3 at room temper 
ture and 25.4 cm (10 in.) Hg vacuum applied over the surface 
There was no gas evolution from the assembly. 


