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N O N D E S T R U C T I V E T E S T S O F COMPONENTS 
O F E B R - I , CORE IV 

b y 

R. H. S e i n e r , C. J . Renken , R. B . P e r r y , 
and K. B a l a r a m a m o o r t h y 

INTRODUCTION 

The e x t e n s i v e n o n d e s t r u c t i v e t e s t s wh ich w e r e r e q u i r e d for v a r i o u s 
c o m p o n e n t s of C o r e IV of E B R - I w e r e p e r f o r m e d by u l t r a s o n i c and eddy 
c u r r e n t m e t h o d s e s p e c i a l l y a d a p t e d to e a c h p a r t i c u l a r t e s t p r o b l e m . T h e s e 
t e s t s i nc luded : 

1. u l t r a s o n i c t e s t s of Z i r c a l o y - 2 and z i r c o n i u m r o d s tock for 
r o d t ip , fuel c o n n e c t o r , and f i l l e r plug c o m p o n e n t s ; 

2. u l t r a s o n i c t e s t s of z i r c o n i u m r o d s t o c k u sed in the f a b r i c a t i o n 
of p a r t of the s p a c e r - r i b w i r e ; 

3 . eddy c u r r e n t t e s t s of Z i r c a l o y - 2 c o r e and b l anke t j a c k e t tubing; 

4 . eddy c u r r e n t t e s t s of Z i r c a l o y - 2 i n s t r u m e n t tubing; 

5. eddy c u r r e n t t e s t s of z i r c o n i u m s p a c e r - r i b w i r e ; 

6. eddy c u r r e n t t e s t s of s t a i n l e s s s t e e l tubing u s e d in c o m p o n e n t s 
for the b r e e d i n g ga in e x p e r i m e n t s ; 

7. eddy c u r r e n t t e s t s of a s s e m b l e d b l a n k e t e l e m e n t s for the qua l i ty 
of the NaK bond. 

D e t a i l s of t h e s e t e s t s and the r e s u l t s follow. 

I. ULTRASONIC T E S T S O F Z I R C A L O Y - 2 AND ZIRCONIUM ROD STOCK 

A. I n t r o d u c t i o n 

The r o d t ip , fuel c o n n e c t o r , and f i l l e r plug c o m p o n e n t s for E B R - I 
M a r k IV w e r e f a b r i c a t e d f r o m Z i r c a l o y - 2 r o d s tock , 0.299 in. in d i a m e t e r . 
T h i s s t o c k w a s c o n v e r t e d f r o m f o r g e d b a r s tock by ro l l i ng a t 850°C to 
a 0 .347 - in . d i a m e t e r , co ld swag ing to s t r a i g h t e n and round the rod , and 
c e n t e r l e s s g r i n d i n g to s i z e . 

To i n s u r e the i n t e g r i t y of the c o m p o n e n t s for E B R - I M a r k IV, an 
u l t r a s o n i c t h r o u g h - t r a n s m i s s i o n s y s t e m was u s e d to i n s p e c t the Z i r c a l o y - 2 
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stock before subsequent machining operat ions . The inspection sys tem was 
p r imar i l y concerned with the detection of in ternal voids produced during the 
rolling and swaging. 

The u l t rasonic sys tem was employed, a lso, to examine 0.2 50- to 
0 .300- in . -d iameter z i rconium rod stock used in the fabrication of s p a c e r -
rib wire . Addition of this stock to the testing p r o g r a m was requi red after 
internal voids, 0.005 to 0.010 in. in d iameter , were detected in wire stock 
by an eddy cu r ren t technique. No modification of the tes t sys tem was 
neces sa ry . 

B. Discuss ion of Tes t Technique 

Ul t rasonic th rough- t r ansmiss ion techniques have been applied to the 
inspection of var ious ma te r i a l s of a s s o r t e d s izes and configurations.\-^ ""*/ 
Flaws such as c racks , voids, non-bonds, laminat ions, and g ra in - s i ze va r i a ­
tions can be readi ly detected by a t r a n s m i s s i o n technique. 

A t r ansmi s s ion technique employs two t r ansduce r s (mounted c rys ta l s ) 
for the t ransmit t ing and receiving of u l t rasonic energy. In a t es t sys tem 
p r imar i l y concerned with the detection of in ternal voids in rod stock, the 
ul t rasonic beam is d i rec ted along a d iamete r through the rod. Discontinu­
it ies in te r rup t or "block" this beam in varying degrees . The amount of 
interrupt ion depends p r imar i l y on the ra t io of defect a r ea to beam size and 
on the separa t ion between defect and t r ansducers . (5 / 

Several techniques can be employed to improve defect detectibili ty. 
Among these a r e the use of focused t r a n s d u c e r s , l enses , beam reduction by 
means of masks or co l l imators , and sma l l -d i ame te r c r y s t a l s . Although 
such techniques improve a testing sys t em ' s ability to " see" smal le r defects, 
inherent disadvantages must be considered before adoption of any one tech­
nique. In a sys tem utilizing focused t r ansduce r s or l enses , considerable 
t ime is needed for positioning the t r ansduce r ho lders . Collimation reduces 
the amplitude of the ul t rasonic energy, whereas sma l l -d i ame te r c rys ta l s 
produce diverging beams at lower f requencies . 

In this pa r t i cu la r application, a favorable ra t io of defect a rea to beam 
size was obtained by masking the t r a n s d u c e r s with Teflon col l imators con­
taining holes tapered from -I in. to ^ in. at the exit, A c ro s s section of the 
r ece ive r col l imator is shown in Figure 1, The |- -in. opening permi t ted the 
J - i n , -d i ame te r c rys t a l to v ibra te freely in the col l imator . Masking of the 
receive t r ansducer reduced the signal fluctuations produced by sca t te red 
energy, 

C, Descr ipt ion of Equipment 

A Sper ry Reflectoscope, type UR, was used to genera te , detect, and 
visually display shor t pulses of u l t rasonic energy. This ins t rument by itself 
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Figure 1. Cross section of receiver collimator 

h a s n o p r o v i s i o n s f o r r e c o r d i n g o r 
a l a r m c i r c u i t s a s r e q u i r e d b y a 
s e m i - a u t o m a t i c o r a u t o m a t i c i n s p e c ­
t i o n s y s t e m . T o m e e t t h i s n e e d , t h e 
r e f l e c t o s c o p e w a s m o d i f i e d to w o r k 
i n c o n j u n c t i o n w i t h a S p e r r y M o n i t o r , 
t y p e RA, T h e m o n i t o r i n t e r p r e t s t h e 
i n f o r m a t i o n g a t h e r e d b y t h e r e f l e c t o ­
s c o p e a n d p r o v i d e s o u t p u t s w h i c h c a n 
b e u s e d b y a u d i o a l a r m s , m a r k i n g 
d e v i c e s , o r o s c i l l o g r a p h s . A n o s c i l ­
l o g r a p h w a s u s e d in t h i s c a s e s i n c e 
p e r m a n e n t r e c o r d i n g s w e r e d e s i r e d . 

T e s t i n g a r e f e r e n c e s t a n d a r d a t r e g u l a r i n t e r v a l s y i e l d s o s c i l l o g r a p h i c r e ­
c o r d i n g s t h a t m a k e i t p o s s i b l e t o c h e c k t h e s e n s i t i v i t y of t h e s y s t e m q u i c k l y , 

A r o l l e r l e a d a s s e m b l y c o n v e y e d t h e r o d s p a s t s t a t i o n a r y t r a n s d u c e r s 
m o u n t e d on m i l l i n g a t t a c h m e n t s of a l a t h e . T h e r o t a t i o n a l a n d t r a n s l a t i o n a l 
m o v e m e n t s , i m p a r t e d t o t h e r o d s b y t h e r o l l e r a s s e m b l y , p r o v i d e d a h e l i c a l 
o r s p i r a l s c a n w h o s e p i t c h c o u l d b e v a r i e d to a l l o w s u f f i c i e n t o v e r l a p p i n g of 
t h e u l t r a s o n i c b e a m . l o / B y r o t a t i n g a n d t r a n s l a t i n g t h e r o d s a t 340 r p m a n d 
2 f t / m i n , r e s p e c t i v e l y , a n a p p r o x i m a t e p i t c h of jl i n . w a s a t t a i n e d a n d u s e d 
t h r o u g h o u t t h e t e s t . 

B r a n s o n Z - K t r a n s d u c e r s s e r v e d a s t r a n s m i t t e r a n d r e c e i v e r of t h e 
u l t r a s o n i c v i b r a t i o n s . A f r e q u e n c y of 5 M c w a s c h o s e n a f t e r p r e l i m i n a r y 
t e s t s a t d i f f e r e n t f r e q u e n c i e s ( f r o m 1-5 M c ) d i s c l o s e d t h i s t o b e m o r e s e n ­
s i t i v e t h a n t h e l o w e r f r e q u e n c i e s t o t h e v o i d a r e a s t y p i c a l l y e n c o u n t e r e d . 
P o s s i b l y a h i g h e r f r e q u e n c y w o u l d h a v e b e e n e v e n m o r e s e n s i t i v e , b u t n o n e 
w a s t r i e d , f o r n o t r a n s d u c e r s a b o v e 5 M c w e r e o n h a n d a n d t h e s e n s i t i v i t y 
a c h i e v e d a t 5 M c w a s a d e q u a t e . T h e p u l s e r e p e t i t i o n r a t e w a s s e t a t 
600 c y c l e s / s e c to i n s u r e c o m p l e t e c i r c u m f e r e n t i a l c o v e r a g e . T h e t e s t 
f a c i l i t y i s s h o w n in F i g u r e 2 . 

106-4980 
Figure 2. Overall view of through-transmission test system 



D. I n s p e c t i o n P r o c e d u r e 

1. R e f e r e n c e S t a n d a r d s 

P r i o r to a c t u a l t e s t i n g , r e f e r e n c e s t a n d a r d s w e r e f a b r i c a t e d 
for e a c h d i a m e t e r and type of rod s tock . E a c h s t a n d a r d length , 15-20 in. 
long, w a s t a k e n f r o m r e g u l a r p r o d u c t i o n s tock . To s i m u l a t e v o i d - t y p e d e ­
fec t s c o m m o n to t h i s m a t e r i a l , ^ - i n . - d i a m e t e r , f l a t - b o t t o m e d h o l e s w e r e 
d r i l l e d ax ia l ly j in. up the c e n t e r of one end and - in. up the o t h e r . 

2. C o r r e l a t i o n S tud ie s 

As is u s u a l in m o s t n o n d e s t r u c t i v e t e s t s , i t w a s n e c e s s a r y to 
c o r r e l a t e the r e s p o n s e p r o d u c e d by the r e f e r e n c e s t a n d a r d with the r e ­
s p o n s e p r o d u c e d by a c t u a l d e f e c t s . Af t e r s cann ing the s t a n d a r d and not ing 
the i n d i c a t i o n s of the a r t i f i c a l defec t on the pen r e c o r d i n g , r a n d o m l eng ths 
of p r e - p r o d u c t i o n Z i r c a l o y - 2 s tock w e r e i n s p e c t e d . A c o m p a r i s o n of n o r ­
m a l and s t a n d a r d r o d i n d i c a t i o n s is shown in F i g u r e 3. S e v e r a l p i e c e s 
p r o d u c e d defec t i n d i c a t i o n s , and r e p r e s e n t a t i v e e x a m p l e s of t h e s e a r e 
shown in F i g u r e 4. 

1/32-in. diameter (F.B.H.) x 1/2-in. long and 1/4-in. long holes 

Standard 

/ IIIJUIIUIIIUIIJJJJ Ulllil'' '̂ /" i" ̂ ' / ^illllll 
Normal Trace - Acceptable Rod 

Figure 3. Pen recordings of the reference standard and acceptable rod 
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ROD 6 

1 I 
NORMAL TRACE-ACCEPTABLE DEFECT INDICATIONS 

ROD 17 

Figure 4. Pen recordings of void areas detected in Rods Nos. 6 and 17 of Zircaloy-2 rod stock 

Subsequen t m e t a l l o g r a p h i c e x a m i n a t i o n of t r a n s v e r s e s e c t i o n s 
f r o m defec t a r e a s r e v e a l e d void a r e a s ( s e e F i g u r e 5) which tended to be 
g r e a t e r in d i a m e t e r a t the ends of the r o d s . The voids r a n g e d in d i a m e t e r 
f r o m 22 to 52 m i l s . 
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Figure 5. Transverse sections of void areas detected in Zircaloy-2 Rods Nos. 6 and 17 
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Although the s t a n d a r d s e r v e d m a i n l y a s a " g o - n o - g o " gage , 
f a i r l y a c c u r a t e p r e d i c t i o n s a s to defec t d i a m e t e r could be m a d e by c o m ­
p a r i s o n of defec t and s t a n d a r d i n d i c a t i o n s , i . e . , a 1 4 - m m pen def lec t ion 
for both the s t a n d a r d defec t and an unknown flaw would i nd i ca t e a flaw a p ­
p r o x i m a t e l y 32 in. in d i a m e t e r . T h i s c o r r e l a t i o n he ld t r u e for v o i d - t y p e 
defec t s only. D i a m e t e r m e a s u r e m e n t s w e r e t a k e n a long the m a j o r ax i s of 
the v o i d s . 

3 . T r a n s d u c e r A l i g n m e n t and F i n a l I n s t r u m e n t Se t t ings 

Dur ing the d e v e l o p m e n t a l s t age of th i s p r o g r a m , t r a n s d u c e r 
a l i g n m e n t p r o v e d a c r i t i c a l o p e r a t i o n . Sl ight dev i a t i ons f r o m c e n t e r r e ­
su l t ed in s ign i f ican t a m p l i t u d e l o s s e s a s we l l a s d e c r e a s e d s e n s i t i v i t y to 
the c e n t r a l l y l o c a t e d v o i d s . In o r d e r to speed up the a l i g n m e n t p r o c e d u r e 
and s t i l l m a i n t a i n o p t i m u m p e r f o r m a n c e , a s p e c i a l c o l l i m a t o r was f a b r i c a t e d . 

A s m e n t i o n e d e a r l i e r in the r e p o r t , t he c o l l i m a t o r s con ta ined 
t a p e r e d h o l e s . Any p r o v i s i o n for m a i n t a i n i n g the exi t ho le a long a d i a m e t e r 
dur ing an a l i g n m e n t p r o c e s s would s u b s t a n t i a l l y r e d u c e s e t - u p t i m e . With 
th i s thought in mind , a g r o o v e hav ing the r a d i u s of a r o d to be t e s t e d was 
m a c h i n e d into the end of a c o l l i m a t o r a t the c e n t e r l i n e of the ex i t ho le . One 
such c o l l i m a t o r is shown in F i g u r e 6. 

Figure 6. Top view of conveyor and collimatedtransducers 



With a s p e c i a l c o l l i m a t o r a t t a c h e d to the t r a n s m i t t r a n s d u c e r , 
t he fol lowing p r o c e d u r e w a s deve loped : 

1. Ad jus t h o r i z o n t a l , a n g u l a r , and v e r t i c a l p o s i t i o n s of t r a n s ­
m i t t e r un t i l c o l l i m a t o r r a d i u s f i ts snugly a g a i n s t r o d . 

2. Ad jus t r e c e i v e r p o s i t i o n un t i l m a x i m u m a m p l i t u d e of f i r s t 
t r a n s m i t t e d p u l s e is o b s e r v e d on r e f l e c t o s c o p e s c r e e n . 

3. R e - a d j u s t h o r i z o n t a l p o s i t i o n s of bo th t r a n s m i t t e r and r e ­
c e i v e r un t i l m a x i m u m s e n s i t i v i t y i s a c h i e v e d for a s t a n d a r d defect . 

Upon c o m p l e t i o n of t r a n s d u c e r a l i g n m e n t , final a d j u s t m e n t s of 
the t r a n s m i t t e d p u l s e a m p l i t u d e and of the gat ing c i r c u i t r y v / e r e n e c e s s a r y . 
The a m p l i t u d e of the f i r s t t r a n s m i t t e d p u l s e was s e t a t t h r e e r e l a t i v e un i t s 
by m e a n s of the r e j e c t c o n t r o l . The p o s i t i o n and l eng th of t h e ga te w e r e 
v a r i e d un t i l the s y s t e m w a s s e n s i t i v e only to the f i r s t pu l s e t r a n s m i t t e d 
t h r o u g h the rod . T h i s m a d e the s y s t e m r e a d y for p r o d u c t i o n t e s t i ng . 

E . T e s t R e s u l t s 

A p p r o x i m a t e l y 700 ft of Z i r c a l o y - 2 and z i r c o n i u m r o d s tock w e r e 
i n s p e c t e d wi th the t h r o u g h - t r a n s m i s s i o n s y s t e m . The l eng th of r o d 
s c r a p p e d for de fec t s a m o u n t e d to l e s s than 20 ft. S c r a p m a t e r i a l inc luded 
62 defec t ive a r e a s and 8 e n t i r e r o d s . Without the 8 r e j e c t r o d s , which 
con ta ined l a r g e p a r t i c l e s , the s c r a p l eng th would have been l e s s than 9 ft. 

No d i f f icu l t ies w e r e e n c o u n t e r e d in th i s t e s t unt i l one ba tch of z i r ­
c o n i u m s tock p r o d u c e d wide , a s we l l a s n o r m a l , b a s e - l i n e f l uc tua t i ons on 
the pen r e c o r d i n g s . An e x a m p l e of s u c h a pen r e c o r d i n g i s shown in F i g ­
u r e 7. M e t a l l o g r a p h i c e x a m i n a t i o n of r o d s exhib i t ing n o r m a l and wide 
b a s e - l i n e f luc tua t ions r e v e a l e d a g r e a t d i f fe rence in m i c r o s t r u c t u r e , a s 
shown in F i g u r e 8. The l a r g e p a r t i c l e s in r o d EO a r e thought to be a r e ­
su l t of i m p r o p e r a n n e a l i n g o r quench ing p r o c e s s e s . X - r a y d i f f rac t ion 
s t u d i e s on s a m p l e s f r o m r o d E O w e r e u n s u c c e s s f u l in d e t e r m i n i n g the 
e x a c t n a t u r e of t h e s e p a r t i c l e s . Al though a defini te z i r c o n i u m p a t t e r n 
could be s e e n , o t h e r l i n e s w e r e w e a k and diffuse. 

Figure 7. Typical pen recording of zirconium stock with abnormal microstructure 



14 

'•4 

-." 

e 

r 

. i -
»* 

• I t 

:S-» 
"« 

*̂  
,,* 

34968 Rod EO 200X 

Etch - 5% AgNOs, 2% HF 

^-M,a:v:I..-g.gi.i^!^ai]»a^. u 

34969 Rod ET 

Etch - 5% AgNOs, 2% HF 

200X 

Figure 8. Transverse sections of zirconium rods EO and ET. Rod EO contains large 
particles while ET is normal stock. 

Folds were a lso detected by the sys tem but, as they could be d i s ­
cerned by the naked eye, were not considered an important pa r t of the test . 
However, rods containing such a defect were set as ide and brought to the 
attention of foundry personnel . 



II. NONDESTRUCTIVE TESTING O F THE E B R - I MARK-IV CORE 
AND B L A N K E T J A C K E T TUBING 

n 

I 

The j a c k e t tubing for the C o r e IV w a s m a d e of Z i r c a l o y - 2 , w i th a 
n o m i n a l ID of 0.257 in. and a w a l l t h i c k n e s s of 0.021 in. P r e v i o u s e x p e r i ­

ence wi th s m a l l - d i a m e t e r Z i r c a l o y - 2 
tubing had ind ica t ed tha t h i g h - q u a l i t y 
tubing of t h i s s i z e w a s difficult to 
obta in , so it w a s dec ided f rom the 
ou t se t to sub jec t th i s tubing to n o n ­
d e s t r u c t i v e t e s t s to i n s u r e tha t only 
tubing of the b e s t qua l i ty ob ta inab le 
w a s u s e d in the a s s e m b l y of the 
c o m p o n e n t s . The f i r s t s h i p m e n t of 
2912 ft ob ta ined f rom a c o m m e r c i a l 
s u p p l i e r w a s t e s t e d in l eng ths of 
about 6 ft by a d u a l - f r e q u e n c y eddy 
c u r r e n t t e s t s y s t e m . Seven h u n d r e d 
and twelve feet w e r e r e j e c t e d a s 
conta in ing wa l l c r a c k s d e e p e r than 
0.005 in. s t a r t i n g f rom the inne r 
c i r c u m f e r e n c e . A typ i ca l s m a l l 
c r a c k is shown in F i g u r e 9. T h r e e 
h u n d r e d and e igh ty -one feet w e r e 
a c c e p t e d a s su i t ab le for b l anke t 
c o m p o n e n t s . The r e s t of the tubing 
w a s r e t e s t e d wi th a m u c h i m p r o v e d 
m o d e l of the d u a l - f r e q u e n c y t e s t 
s y s t e m which had j u s t b e c o m e a v a i l -
ab l e . ^ ' ' ' Th i s e q u i p m e n t w a s capab le 
of m u c h h ighe r s e n s i t i v i t y than the 
o lde r t e s t equ ipment . (8 ) The r e ­
ma in ing I 8 I 9 ft w e r e t e s t e d at a 
r e j e c t l eve l equ iva len t to a 0 .003- in . 
c r a c k s t a r t i n g f rom the ID. About 
800 ft m o r e w e r e r e j e c t e d , not a l l 
of t h e m for r a d i a l c r a c k s . Some of 
t h e s e de fec t s w e r e of the type shown 
in F i g u r e 10. Th i s type of defect 
w a s def ini te ly not d e t e c t e d by the 
o lde r t e s t equ ipmen t u s e d for the 
2912 ft of tubing f i r s t r e c e i v e d . 
Any one of t he se de fec t s wh ich p r o ­
duced a defect s igna l equ iva l en t to 
a 0 . 0 0 3 - i n . - d e e p r a d i a l c r a c k m o r e 
than Y^ in. long c a u s e d the r e j e c t i o n 

of the tube , a l though it w a s n e v e r def in i te ly d e t e r m i n e d what t h e s e de fec t s 

*i 
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Figure 9. A typical small crack on the inner circum­
ference detected by the eddy current test 
equipment. 



w e r e o r w h e t h e r t h e y w e r e m f a c t d e l e t e r i o u s T r a n s v e r s e s e c t i o n s s h o w e d 
d e f e c t s of t h i s t y p e r u n n i n g p a r a l l e l t o t h e t u b e w a l l a s w e l l a s n o r m a l t o i t , 
a n d a t a l l a n g l e s m b e t w e e n 
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Figure 10 A defect in the wall detected by the eddy current test equipment. 

After th i s i n s p e c t i o n w a s c o m p l e t e d , it b e c a m e n e c e s s a r y to s c r a p 
s o m e of the fuel t u b e s when we ld de fec t s -were d i s c o v e r e d below the r i b 
w i r e s An a d d i t i o n a l 500 ft of 0 2 5 7 - m - ID tubing w a s o r d e r e d f r o m a dif­
f e r e n t tubing m a n u f a c t u r e r Th i s new b a t c h of tubing p r o v e d to be of m u c h 
h ighe r qua l i ty than any tubing p r e v i o u s l y ob ta ined in th is s i z e T h r e e h u n ­
d r e d and t h i r t y fee t w e r e i n s p e c t e d wi th the d u a l - f r e q u e n c y e q u i p m e n t a t 
a r e j e c t l e v e l equ iva l en t to a 0 .0015- in c r a c k j ^ m . long. Only a few fee t 
of th i s tubing w a s r e j e c t e d 



III. INSPECTION OF THE 0.080-IN.-OD x 0.01 5-IN.-WALL ZIRCALOY-2 
THERMOCOUPLE TUBING USED IN THE THERMOCOUPLE FUEL AND 

BLANKET RODS OF CORE IV 

Fabr icat ion of high-quality tubing of this size from Zircaloy-2 is 
difficult, so careful nondestructive tes ts were performed with this tubing 
in order to see that ma te r i a l of the highest quality obtainable was used in 
the fabrication of the thermocouple rods . The flaws most likely to occur 
in this m a t e r i a l seemed to be narrow radial c racks start ing from the inner 
c i rcumference . Figure 11 shows some of these cracks which were detected 

34157 250X 

Figure 11. Defects located in the 0.080-in. Zircaloy-2 thermocouple tubing 
by the eddy current test equipment. This figure shows a small 
transverse crack starting from the ID. 



by the tes t equipment. The t ightness of these c racks makes their r ad io ­
graphic detection very difficult. Nor could these tubes be tested by the 
sinusoidal tes t equipment and point probes which were used, for instance, 
to tes t the fuel e lement tubing and breeding gain exper iment tubing, b e ­
cause this equipment cannot efficiently test tubes of only 0.080-in. OD. 
It was neces sa ry to develop equipment especial ly adapted for this inspec­
tion problem. 

The resul t of this effort was a pulsed sys tem using a differential 
encircl ing coil. The encircl ing coil was formed of th ree windings: a 
center winding which genera ted the field, and two pickup windings located 
on each side. The pickups were connected to a mixing t r ans fo rmer which 
provided null output when conditions in the meta l were identical on each 
side of the center coil. Any meta l l i c discontinuity on one side of the coil 
produced a change in the normal reflections picked up by the associa ted 
pickup coil and a change in the resul tant voltage normal ly produced. The 
total width of the three coils along the tube axis was 0.1 in. The center 
coil was driven with pulses approximately 6 /isec in duration and shaped 
like a half sinusoid. The inspection was c a r r i e d out at a l inear tube 
velocity of about 2 i n . / s e c . The c i rcui t fi l tering was designed to provide 
the p roper pass band for this inspection speed. 

A differential tes t sys tem by its very nature d i sca rds some of the 
information detected by the coil - information which re l a t e s to absolute 
defect depth, among other things - and it adds ambiguity regarding the 
ra te of change of defect depth. It a lso appeared that radia l c racks s t a r t ­
ing from the ID could not be el iminated ent i rely, and so it was necessa ry 
to select enough tubes for both core and blanket which had the smal les t 
c racks of al l those which were avai lable. This meant that the eddy cu r ­
rent tes t had to be quantitative and roughly cal ibra ted at leas t for the 
sma l l e r c r acks . On the other hand, although an infinite var ie ty of defects 
a re theoret ical ly imaginable in a tube wall, a cer ta in fabrication p rocess 
general ly produces only a l imited number of different types of defects, 
and the problem of quantitative m e a s u r e m e n t is not as hopeless as it 
f i rs t appears . 

The fabrication p r o c e s s which was used to produce these tubes 
general ly caused defects of the type shown m Figure 11. The lengths of 
these defects which were examined metal lographical ly always were be­
tween Yl in. and -r in. Occasionally other defects were encountered, such 
as the inclusions in Figure 12 and the very shallow surface lap in F ig ­
ure 13. These were judged to be l ess ser ious than the radial c racks and 
were cer ta inly ea s i e r to detect . They were m o r e or less automatically 
el iminated once the lower l imit on c rack depth was set. 
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Figure 12. Defects located in the 0.080-in. Zircaloy-2 Figure 13. Defects located in the 0.080-in. 
thermocouple tubing by the eddy current Zircaloy-2 thermocouple tubing by 
test equipment. This figure shows wall the eddy current test equipment. This 
inclusions. figure shows a shallow surface lap. 

A n e x t e n s i v e p r o g r a m of c o r r e l a t i o n b e t w e e n t h e e d d y c u r r e n t t e s t 
s y s t e m d e f e c t i n d i c a t i o n s a n d m e t a l l o g r a p h i c s e c t i o n s s h o w e d t h a t a r e a ­
s o n a b l e c o r r e l a t i o n b e t w e e n t h e a m p l i t u d e of t h e d e f e c t s i g n a l a n d t h e c r a c k 
d e p t h e x i s t e d . ( T h i s c o r r e l a t i o n b e c a m e a r e a l i t y o n l y a f t e r n u m e r o u s 
c h a n g e s in t h e t e s t s y s t e m h a d b e e n m a d e . ) T h e i n s t r u m e n t in i t s f i n a l 
f o r m h a d s u f f i c i e n t s e n s i t i v i t y t o d e t e c t c r a c k s u n d e r 0 .002 in . in d e p t h 
e m a n a t i n g f r o m t h e i n n e r c i r c u m f e r e n c e . A l l d e t e c t a b l e d e f e c t s w e r e 
a s s u m e d to b e c r a c k s , s i n c e s m a l l c r a c k s d i d in f a c t p r o v e to b e t h e p r e ­
p o n d e r a n t d e f e c t t y p e . O n t h e b a s i s of t h i s c a l i b r a t i o n i t a p p e a r e d h i g h l y 
u n l i k e l y t h a t t h i s s e l e c t g r o u p of t u b e s c o n t a i n e d c r a c k s e x t e n d i n g d e e p e r 
t h a n 0 . 0 0 3 i n . f r o m t h e i n n e r c i r c u m f e r e n c e , e x c e p t f o r o n e t u b e , w h i c h 
m a y h a v e c o n t a i n e d c r a c k s u p to 0 . 0 0 5 in . M o s t of t h e c r a c k s w e r e p r o b a b l y 
s h a l l o w e r t h a n 0 . 0 0 3 i n . , a n d s o m e of t h e s e t u b e s w e r e f o r a l l p r a c t i c a l 
p u r p o s e s p e r f e c t . 
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IV. NONDESTRUCTIVE INSPECTION OF RIB WIRE FOR THE 
CORE-IV FUEL AND BLANKET ELEMENTS 

The 0 .048- in . -d iameter Zi rca loy-2 and z i rconium r ib wires used 
as fuel and blanket e lement space r s in Core IV were inspected by an i m ­
proved vers ion of an eddy cur ren t t es t ins t rument descr ibed in another 
report . (9) This section of this r epor t deals with the inspection of 566 ft 
of z i rconium wire which was fabricated and inspected ear ly in 1962. It 
does not apply to the tes t s undertaken on an ea r l i e r lot of Zircaloy-2 
wire fabricated in the spring of 1961. 

Before the inspection of this second lot of wi re began, the defect 
indications and meta l lographic evidence were carefully cor re la ted with a 
considerable number of defect locat ions. Some t r a n s v e r s e sections show 
ing c racks s tar t ing from the surface a re shown in F igures 14a and b. 
These c racks were not cons idered important since they would have had 
little effect on the quality of the weld which held the wi re to the jacket , 
as contras ted, for instance, with the effect of a large internal void such 
as often occur red in the f i r s t lot of wi re . No evidence was found of any 
internal voids in this batch of wi re . 

In the 566 ft inspected, 19 defective a r e a s were detected. The 
length of wire scrapped for defects amounted to less than 3 ft. 

V. INSPECTION OF STAINLESS STEEL TUBING USED FOR 
COMPONENTS INTENDED FOR USE IN BREEDING 

GAIN EXPERIMENTS 

Stainless s teel (Type 304) tubing of two s i zes , nominally 
0.413-in. OD x 0.0l65-in wall , and 0.297-in. OD x 0.0175-in. wall, was 
used in the construct ion of hardware for breeding gain exper iments in 
Core IV. This tubing was tested in 10-ft lengths by a dual-frequency 
system at a re jec t level equivalent to a 0.0015-in. c rack star t ing from 
the ID. Of the 28 l a rge r size tubes tested, 22 were found acceptable; 
32 of the 36 smal le r tubes passed the test . Microphotographs of t r a n s ­
verse sections showing some of the defects located by the tes t system 
a re shown in F igures 15a and b. 
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Figure 15. Transverse cracks discovered by the eddy current test system in stainless steel tubing which was 
to be used for components of the EBR-I Matk-IV breeding gain experiments. 

VI. NONDESTRUCTIVE TESTS OF THE NaK ANNULUS OF THE 
ASSEMBLED BLANKET ELEMENTS 

A. Introduction 

EBR-I Mark-IV fuel and blanket elements contained NaK distr ibuted 
in an annulus between blanket slugs and the Zircaloy-2 jacket . The NaK 
level in the elements extended "̂  ± "̂  in. above the end of the upper slug at 
room t empera tu re , as shown in Figure 16. The ID of the jacket tube was 
0.257 ± 0.005 in. and the slug d iameter was 0.235 ± 0.001 in., leaving a 
NaK-filled annulus of 0.011 ± 0.003 in. The blanket slugs had four spacer 
ribs at each end, 90° apart , of 0.006-in. height. The fuel slugs had s imi la r 
r ibs which aided in centering the slugs in the jacket. To maintain good 
heat t ransfer between the fissionable ma te r i a l and the jacket the NaK 
annulus had to be free of large voids. 
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Figure 16. EBR-I Core-IV fuel element. 



B. Eddy Current Tes t s for Voids in the NaK Annulus 

A ^ - i n . - d i a m e t e r probe consist ing of two l aye r s of No. 40 copper 
wire wound on fe r r i t e was used to locate voids in the NaK annulus. The 
eddy cu r ren t ins t rument was an AC bridge type operated at a frequency of 
50 kc with the probe in a para l le l resonant c i rcui t . The ins t rument was 
s imi la r to an ins t rument for measur ing coating thickness used by Brenner 
and Garc ia-Rivera( lO) of the National Bureau of Standards. The AC bridge 
in the ins t rument was balanced to minimize the effect of p robe- to - spec imen 
spacing under actual testing conditions. The output voltage which was d i s ­
played on a s t r ip char t r e c o r d e r was then proport ional to the res is t iv i ty of 
the specimen, with a minimum effect due to spacing. 

Specially p repa red blanket e lements , with s imulated voids of ad­
hesive tape applied to the uranium slugs before NaK filling, indicated that 
voids of Y^-in. d iameter or l a rge r could be detected. On testing a number 
of blanket e lements it was found that some of the t r ace s were difficult to 
in terpre t . Six blanket e lements were selected for des t ruct ive evaluation 
to pe rmi t d i rec t cor re la t ion of the eddy cur ren t t r a c e to the condition of 
the NaK annulus. The following points were par t i cu la r ly of in te res t : 

1. The effect of heat t reat ing e lements on the p resence or absence 
of NaK in the spaces between the slug ends and in the spaces provided by 
chamfers on the slug ends was compared. 

2. The nature of defects indicated by the eddy cur ren t test at the 
bottom of a number of rods . 

3. NaK wetting of the uranium slugs and Zircaloy tubing in the 
hea t - t r ea ted compared with non hea t - t r ea ted e lements . 

4. Condition of the oxidized a r e a on the jacket under the r ib welds . 

5. Corre la t ion between void size and location with their eddy 
cu r ren t t r a ce . 

C. Exper imenta l P rocedure for Destruct ive Evaluation 

The blanket e lements that were s tr ipped had to be cooled below the 
melt ing point of NaK, -12°C, and kept below this t empera tu re long enough to 
pe rmi t removal of the jacket . The e lements were cooled by immers ion in 
liquid nitrogen and s t r ipped in a glovebox with a dry nitrogen a tmosphere 
to prevent f ros t formation on the element . The Zi rca loy-2 jacket was r e ­
moved in two halves in sections of 2- to 3-in. length with a smal l abras ive 
wheel cut ter . The NaK was kept frozen during str ipping by intermit tent 
immers ion in the liquid ni trogen container. The uranium slug and the 



i n s ide s u r f a c e of the j a c k e t tubing w e r e p h o t o g r a p h e d and the r e s u l t s w e r e 
c o m p a r e d to the eddy c u r r e n t t r a c e . Of the s ix b lanke t e l e m e n t s s e l e c t e d 
for eva lua t i on , two w e r e u s e d to deve lop the t echn ique for s t r i p p i n g . The 
r e m a i n i n g four w e r e s u c c e s s f u l l y s t r i p p e d and pho t og raphed . The b lanke t 
e l e m e n t s tha t w e r e s t r i p p e d and p h o t o g r a p h e d w e r e : 

N u m b e r Condi t ion N u m b e r Condit ion 

748 not h e a t - t r e a t e d 715 h e a t - t r e a t e d 

709 h e a t - t r e a t e d 854 h e a t - t r e a t e d . 

D. S t r ipp ing R e s u l t s 

1. B lanke t E l e m e n t No. 748 

The eddy c u r r e n t t e s t t r a c e ( see F i g u r e 17a) for b l anke t e l e ­
m e n t No. 748 ind ica t ed a l a r g e void a t the top of the uppe r b lanke t s lug . 
On r e m o v i n g p a r t of the j a c k e t in th i s loca t ion a n u m b e r of c l o s e l y s p a c e d 
vo ids w e r e found, a s shown in F i g u r e 17b. F i g u r e 18a shows tha t the NaK 
e a s i l y pu l l ed away f r o m the s lug and the j a c k e t , a s th i s e l e m e n t had not 
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Figure 17a. Defect shown by the recording of the Figure 17b. Appearance of the slug 
eddy current test obtained before Rod portion on stripping. Note 
No. 748 was stripped. the voids in the frozen 

NaK sticking to the slug. 



b e e n h e a t t r e a t e d a n d no w e t t i n g i s e v i d e n t . N o t e a l s o t h a t t h e e n d of t h e 
s l u g h a s o n l y a t h i n l a y e r of N a K . B e f o r e h e a t t r e a t m e n t t h e e n d s of t h e 
s l u g s c o u l d e a s i l y b e l o c a t e d on t h e e d d y c u r r e n t t e s t t r a c e b y t h e l a r g e 
s i g n a l d e v e l o p e d a t t h i s p o i n t , a s s h o w n in F i g u r e 1 8 b . E v i d e n c e t h a t t h e 
s p a c e b e t w e e n t h e c h a m f e r e d e n d s of a d j a c e n t s l u g s w a s f i l l e d w i t h N a K 
w a s g i v e n by t h e r i d g e of f r o z e n N a K t h a t c a n b e s e e n o n t h e j a c k e t a t t h e 
b o t t o m of F i g u r e 19-
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Figure 18a. Appearance of one-half of 
the Zircaloy-2 jacket im­
mediately after stripping. 
Weld areas are seen on the 
jacket. 

Figure 18b. Top of the second uranium 
slug of Rod No. 748. 

Figure 19 

The long object on the right is the second slug of 
Rod No. 748. To the left is part of the Zircaloy-2 
jacket. Note the ridge of NaK on its bottom portion. 
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2. B lanke t E l e m e n t No. 709 

It w a s ev iden t f r o m F i g u r e 20a tha t the NaK leve l in b l anke t e l e ­
m e n t No. 709 w a s below the top of the uppe r s lug . An ind ica t ion of the low 
NaK l e v e l w a s g iven on the t r a c e shown in F i g u r e 20b. The dot ted l ine in 
the f igure i n d i c a t e s the t r a c e for a c o r r e c t NaK l eve l . Th i s e l e m e n t had 
been h e a t t r e a t e d , and the NaK a p p e a r s to have w e t both the u r a n i u m s lugs 
and the j a c k e t tubing . The s m a l l vo ids in a v e r t i c a l l ine in F i g u r e 20a w e r e 
d i r e c t l y u n d e r n e a t h the r i b w i r e and w e r e not d e t e c t e d by the eddy c u r r e n t 
i n s t r u m e n t . 

Figure 20a. Rod No. 709, Note the absence Figure 20b. Part of the trace obtained on testing Rod No. 709. 
of NaK near the top of the slug Low level of NaK could be noticed by thedevia-
and on the Zircaloy-2 jacket. tion of the trace from the dotted line which indi­

cates normal level. 

The u p p e r end of the f o u r t h o r bo t tom slug of b l anke t e l e m e n t 
No. 709 a p p e a r e d to have an a r e a of poor we t t ing , for m o s t of the NaK had 
pu l l ed away wi th the j a c k e t , a s shown in F i g u r e 21a. Th i s c o r r e s p o n d s wi th 
p o s i t i o n A, of the t r a c e shown in F i g u r e 21b. A s i m i l a r condi t ion a p p e a r e d a t 
the bo t tom of the s a m e s lug shown a t the top of F i g u r e 22, c o r r e s p o n d i n g 
to p o s i t i o n B of the t r a c e in F i g u r e 21b. 



Figure 21a Figure 21b 
The appearance of the top Part of the trace obtained in testing Rod No. 709 before stripping. 
portion of the fourth slug 
soon after stripping. Note 
the presence of voids near 
the top. 
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3 . B l a n k e t E l e m e n t N o . 715 

T h i s e l e m e n t w a s s t r i p p e d u p s i d e d o w n a f t e r f r e e z i n g s o t h a t t h e 
a r e a of i n t e r e s t a p p e a r s a t t h e t o p of F i g u r e 2 3 a . T h e t r a c e ( F i g u r e 2 3 b ) 
of b l a n k e t e l e m e n t N o . 715 i n d i c a t e d a l a r g e v o i d a r e a a t t h e b o t t o m of t h e 
l o w e r u r a n i u m s l u g . T h e r e w a s v e r y l i t t l e N a K a t t h i s p o i n t , a n d i t s a p p e a r 
a n c e i n d i c a t e d i t m a y h a v e c o n t a i n e d o x i d e o r o t h e r i m p u r i t i e s . 



32846 _ 
Figure 23a. Appearance of Rod No. 715 on Figure 23b. Bottom portion of the trace obtained on testing 

stripping the bottom portion. Rod No. 715 before stripping. Note the devia-
Note the appearance of NaK. tion of the trace line. 

F i g u r e 2 4 a w a s t y p i c a l of t h e s l u g e n d s i n t h e h e a t t r e a t e d e l e ­
m e n t s . A d e n s e l a y e r of N a K r e m a i n e d on t h e e n d a f t e r r e m o v i n g t h e a d j a ­
c e n t s l u g . T h e t r a c e in F i g u r e 2 4 b s h o w s a s l i g h t i n d i c a t i o n w h e r e o n e 
s l u g e n d s a n d a n o t h e r b e g i n s . T h i s m a y be c o m p a r e d w i t h F i g u r e 1 8 b , w h i c h 
w a s t h e t r a c e of t h e e l e m e n t t h a t h a d n o t b e e n h e a t t r e a t e d . 

4 . B l a n k e t E l e m e n t N o . 854 

T h e t h r e e v o i d s in a v e r t i c a l l i n e on the j a c k e t i n F i g u r e 2 5 a 
w e r e a p p r o x i m a t e l y jr i n . m d i a m e t e r a n d r e p r e s e n t t h e l i m i t of s e n s i t i v i t y 
of t h e e d d y c u r r e n t t e s t , a s w a s s h o w n b y the t r a c e in F i g u r e 2 5 b . 
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Figure 24a 
Appearance of Rod No. 715 after 
stripping one side of the jacket on 
the second slug from the bottom. 
Note the presence of NaK at the 
junction. 

Figure 24b 

Indication where one slug ends and 

another begins. 
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Figure 25a 
The appearance of the top slug por­
tion soon after stripping. Note 
voids on the frozen NaK of the 
jacket. 

Figure 25b 
Part of the trace obtained on testing 
Rod No. 854 before stripping. The 
voids indicated by the trace repre­
sent the limit of sensitivity of the 
instrument. 



E. S u m m a r y 

The d e s t r u c t i v e e v a l u a t i o n of the b lanke t e l e m e n t s v e r i f i e d tha t the 
NaK in h e a t - t r e a t e d e l e m e n t s we t the s u r f a c e s of the u r a n i u m s lugs and 
j a c k e t tubing . The NaK did not p e e l off r e a d i l y as it did in t h e e l e m e n t s tha t 
had not b e e n h e a t t r e a t e d . The NaK r e m a i n e d f r o z e n longe r on the s lugs 
f r o m h e a t - t r e a t e d e l e m e n t s b e c a u s e the slug a c t e d a s a cool s ink due to 
the e x c e l l e n t h e a t t r a n s f e r a t the i n t e r f a c e . The i nd i ca t i ons on the eddy 
c u r r e n t t e s t t r a c e s w e r e in good a g r e e j n e n t wi th the o b s e r v e d d e f e c t s . 
H o w e v e r , it w a s found tha t s m a l l vo ids lying b e n e a t h the r i b w i r e could 
not be d e t e c t e d . 
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