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POSTIRRADIATION EVALUATION  
OF ZIRCALO Y-2 PR TR  PRESSURE TUBES

PA R T I

INTRODUCTION

The P lutonium  R e cy c le  T e s t  R ea cto r  (PRTR) is  a h eavy  w ater  

co o led  and m o d era ted , v e r t ic a l  p r e ss u r e  tube r ea c to r . The p r im a ry  
coolant flo w s upw ard through 85 Z ir c a lo y -2  p r e ssu r e  tu b es at an average  

of 107 gpm . The n om in a l in let co n d ition s are 478 F and 1090 p s ig  and 
the n om in al ou tlet con d ition s are  530 F  and about 1080 p s ig . The co n n ec­
tio n s betw een  the Z ir c a lo y  p r e ssu r e  tu b es and the s ta in le s s  s te e l  o u t-o f-  
rea c to r  p ip ing are b o lted  flan ge type con n ection s w ith sp iral-w oun d, 
a s b e s to s - f i l le d  g a sk e ts . T h is  r e a c to r  r e p r e se n ts  one of the f ir s t  m ajor  
e lev a ted  tem p era tu re  a p p lica tio n s of Z ir c a lo y -2  as  a p r e ssu r e -co n ta in in g  
stru c tu ra l m a te r ia l. S in ce p r io r  e x p e r ie n c e  w ith Z ir c a lo y -2  in com parab le  
o p era tin g  en v iro n m en ts  c o n s is t s  on ly  of a few  y e a rs  ex p er ien ce  w ith s in g le  
tube te s t  lo o p s , a p r e ss u r e  tube su r v e illa n c e  p rogram  has been u n d er­
taken in conjunction w ith  the PR TR  op era tio n . T h is  su r v e illa n c e  program  

c o n s is t s  of in -r e a c to r  m o n ito r in g ,^ p r e ir r a d ia t io n  testing^^^ and the 

p er io d ic  rem o v a l of s e le c te d  tu bes for  p o stirra d ia tio n  d estru c tiv e  e x a m i­
n ation . To d ate , th ree  tu b es have been  rem oved  a fter  2, 6, and 10 w eek s  

of actu a l r ea c to r  o p era tio n . T h is  rep o rt p r e se n ts  the o b serv a tio n s  m ade 

on th ese  tu b es and an a n a ly s is  o f the e ffe c t  of exp osu re to the rea c to r  
environm en t on the p r o p e r tie s  of Z ir c a lo y -2  p r e ssu r e  tu b es.

SUMMARY AND CONCLUSIONS

T h ree  tu b es have been  rem o v ed  from  the PR TR  for  d eta iled  p o s t­
irrad ia tion  t e s t s  and in sp e c tio n s . The room  tem p eratu re  bu rst p r o p e r tie s ,  
depth of fr e ttin g  c o r r o s io n , ch an ges in gra in  stru ctu re  and the exten t of 
c r e v ic e  c o r r o s io n  w ere  d eterm in ed .

The o b serv a tio n s  m a y  be su m m a r ized  as fo llow s;
201. Irrad ia tion  to 10 nvt (E > 1 M ev) produced a s m a ll in c r ea se  in 

room  tem p era tu re  bu rst stren g th  and a d e c r e a se  in d u ctility . The 

u n iform  deform ation  of the sp ec im en  p r io r  to the lo c a l bu lging that
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p r e c e d e s  fa ilu re  d e c r e a se d  to  a n eg lig ib le  amount at the h igh est  

e x p o su r e . One tube fa iled  when a sh ort cra ck  propagated  through  
the w a ll at a s t r e s s  eq u iva len t to about 85% of u ltim ate  bu rst s t r e s s .  
The cra ck  did not then propagate the len gth  of the sp ec im en  under  
th e se  s e v e r e  c ir c u m sta n c e s  w hich  in d ica tes  that the m a te r ia l is  
s t i l l  behaving in a d u ctile  m an n er at room  tem p era tu re .

2 . C lo se -u p  v isu a l exam in ation  r ev e a le d  that the fre ttin g  co rro s io n  
m a rk s appeared  m uch the sa m e a s  in photos taken through the 
b o r e sc o p e . D epths o f p en etra tion  from  standard fu el e lem en t end  

b ra ck ets  w ere  found up to 6 m ils  deep . O uter w ire  w rap s and, 
o c c a s io n a lly , ind ividual rod w ire  w raps cau sed  s im ila r  p en etra tion s  
of the tube w a ll. B ands on P u -A l e le m e n ts  did not cau se  any m e a su r ­
able p en etra tion  of the tube w a ll. In crea s in g  the w idth of contact 

a rea  of the fu e l end b ra ck et app arently  d e c re a sed  the p en etration .

3. The grain  stru ctu re  under the fre ttin g  co rr o s io n  m ark s w as  

unchanged in m any in s ta n ce s ; h o w ev er , lo c a l hydrid ing h as been  
found in a thin la y e r  under th ree  of the tw elve  c o rr o s io n  d e fec ts  

that w ere  ex a m in ed . V isu a l appearance of the c o rr o s io n  m ark  

gave no ind ication  of the p r e se n c e  o f h yd rid e.

4 . C r ev ic e  c o r r o s io n  of the upper flan ge p en etrated  up to 4 m ils .
H eavy w hite c o r r o s io n  product is  p resen t but lit t le  if any lo c a l  
h yd rid ing has o c cu rr e d  s in c e  the f ir s t  op eratin g  p er io d .

F ro m  the above o b se rv a tio n s  it is  concluded that even  though the 
continued p en etra tion  of the tube w a ll by fre ttin g  co rro s io n  would be d e tr i­
m en ta l to the in teg r ity  of the p r e s s u r e  tu b es , the g en era l b ehavior  of the 

tu b es to date h as been su p er io r  to that an ticip ated  when the tu b es w ere  
d esig n ed .

RESULTS AND DISCUSSION

E ffec t of Irrad ia tion  on the R oom  T em p era tu re  B u rst P r o p e r tie s

The d esign  req u irem en ts  o f the PR TR  p r e ssu r e  tube req u ired  a 
red u ced  d ia m eter  w ith  a h e a v ie r  w a ll th ick n e ss  at the lo w er  en d ,(F ig u re  1).
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F a b rica tio n  p r o c e s s e s  w ere  d evelop ed  w h ereb y  the m ajor tube d iam eter  
w as produ ced  by a 45% red u ction  in a rea  by R ockrite  tube red u cin g . The 
tube w as then annealed  and the lo w er  end w as tube red uced  form in g  the 
tap er  and the sm a ll d ia m eter  h eavy  w a ll s e c t io n . To avoid e x c e s s iv e  

warpage^ on ly  one h a lf of the tube w as annealed  p r io r  to the tap erin g  
op era tio n . The fin ish ed  tube has the un usual com bination  of bein g  45% 
cold  w orked  for  half its  length  and annealed  for the o th er half (F igu re 2).

The d estru c tiv e  exam in ation  of the p r e ssu r e  tubes is  part of a 

su r v e illa n c e  p rogram  to d eterm in e  the e ffe c t  of the to ta l r ea c to r  en v iro n ­
m ent on the tube p r o p e r t ie s . The f ir s t  v isu a l exam ination  of the p r e ssu r e  
tubes a fter  the in itia l tw o-w eek  o p era tin g  p er io d  d isc o v er e d  fre ttin g  c o r ­
ro sio n  in a ll  the tu b e s . T h is  added a seco n d  v a r ia b le  for  the burst 
t e s t s ,  and the p rogram  w as a c c e le r a te d  to d eterm in e if  th is  fre ttin g  c o r ­
ro sio n  had p ro ceed ed  to  a point w here s p e c ia l p recau tion s w ere  req u ired  

for sa fe  o p era tio n s of the r e a c to r .

The te s t  s e c t io n s  are 20 in ch es  lon g  o v e r a ll w ith  an u n restra in ed  

length  o f 16 in ch es  betw een  the end c lo s u r e s .  F igu re  3 show s a te s t  
a sse m b ly  w ith end c lo s u r e s  and th erm a l co u p les  a ttach ed . The te s t  s p e c i­

m en a s se m b ly  and b u rstin g  is  conducted  under 5 fee t of w a ter . P r e s s u r e  

is  su p p lied  by a 3 0 ,0 0 0  p s ig  ca p a c ity  a ir  op era ted , p o s it iv e  d isp lacem en t  

pum p.

The tube id en tifica tio n  n u m b ers, w eek s of op eration  p r io r  to rem o v a l, 
and the type of fu e l e lem en t contain ed  in the tube during op eration  are lis te d  

in T able I.

T A B L E  1

O PERATING DATA ON PRESSURE TUBES REMOVED FROM PRTR

Tube
N o.

C hannel
N o.

W eek s of 
A ctual O peration

Type  
of F u el

M axim um  O utlet 
T em p eratu re

6100 1154 2 UO2 450 F

6061 1756 6 P u -A l 530 F

5529 1159 10 UO„ 530 F
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Two se c tio n s  w ere  b u rst from  T u b es 6100 and 5529 and a s in g le  te s t  w as  
p erfo rm ed  on Tube 6061. The le v e l  of irra d ia tio n , u ltim ate  bu rst stren gth  
ca lcu la ted  from  the b u rst p r e s s u r e s ,  the un iform  elongation  and the m a x i­
m um  elon gation  are l is te d  in T able II.

T A B L E  II

E F F E C T  O F IRRADIATION  
ON ROOM TEM PER A TU R E BURST STRENGTH  

AND ELONGATION OF ZIRCALO Y-2 PRTR PRESSURE TUBES

C alcu lated  
E x p o su r e , 

nvt (E 1 M ev)

U ltim ate  B u rst  
S trength , 

p s i
E longation  

U n iform  M axim um
Tube
N o. L ocat

9 7 ,7 0 0 10 25 C ontrol -

1 X 10^^ 8 6 ,2 0 0 7 9 6100 A

1 X 10^® 1 0 6 ,0 0 0 1 20 6061 A.

1 X 10̂ "̂ 9 7 ,0 0 0 § 17 5529 A

1 X 10^^ 8 6 ,7 0 0 * * - - 6100 B

1 .5  X 1q20 1 1 1 ,000 § 15 5529 B

L ocation  A . S ection  of tube b rack etin g  a rea  of contact 
w ith  lo w er  fu e l e lem en t end b rack et.
L ocation  B . S ection  o f tube im m ed ia te ly  above L ocation  A 
in h igh er  flux reg io n .
T h is  sec tio n  fa iled  when a s m a ll cra ck  pen etrated  the w a ll.
No e lon gation  m e a su r em e n ts  w ere  taken.

§ L e s s  than m ea su ra b le  u n iform  elon gation .

T he b u rst t e s t s  w ere  run to d eterm in e  the e ffec t of (1) the fre ttin g  
c o r r o s io n , and (2) the to ta l r e a c to r  environ m en t on the room  tem p eratu re  

bu rst p r o p e r t ie s . T he c o rr o s io n  m a rk s that w ere  o b serv ed  in th ese  tu bes  
are rounded on the b ottom , and are  not sharp  n o tch es , but th ey  have cau sed  
a defin ite  w a ll th inning. T h is  fact p lu s the p oten tia l for  in c r ea se d  hydrogen  

content beneath  the c o r r o s io n  m a rk s led  to  the assu m ption  that the annealed  
sec tio n  w ould be the w eak est portion  of the tube. The d eep est c o rro s io n  
m ark s on th e se  tu b es w ere  lo ca ted  w h ere the fu el e lem en t end b ra ck ets  
con tacted  the tube w a ll. The sa m p le s , from  L ocation  A, b racket th ese
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suppori; m a rk s and s in c e  th is  is  at the end of the active  portion of the fu el 
e lem en t th ere  is  a v e r y  s te ep  gradient of fa s t neutron exp osu re (F igu re 2). 
The exp o su re  l is te d  in T able II is  that of the m iddle of the sa m p le . The 
ind icated  sc a tte r  of burst stren gth  of sa m p le s  from  L ocation  A m ay be p a r t l y  

due to  the d ifficu lty  in ca lcu la tin g  the neutron exp osu re  at th is  point.
S am p les from  L o c a t i o n  B w ere  s e le c te d  to  d eterm in e the e ffec t of tota l 
rea c to r  en viron m ent on the bu rst p r o p e r t ie s . T h ese  sa m p les  w ere  located  
in an a rea  w here the neutron flux w as m o r e  uniform  and the average  ex p o ­
su re  w as h ig h er . Two sa m p le s  w ere  taken from  th ese  a r e a s . One of th ese  

w as the on ly  tube w here a d efect ca u sed  the fa ilu re  at a low er s t r e s s  than 

w as ex p ected .

The b u rst data to date are s c a tte r e d , but th ere  is  an indication  that 

the room  tem p era tu re  b u rst stren gth  of the annealed Z ir c a lo y -2  p r e ssu r e  

tubes is  in c r ea s in g  w ith e x p o su r e . L a ter  r e s u lt s ,  soon to be pu blished , 
con firm  th is  stren gth en in g  w ith ex p o su r e .

C om p arison  of the b u rst te s t  s e c t io n s  shown in F ig u r es  4 , 5, 6, 7, 8, 
and 9 r e v e a ls  that both sa m p le s  from  Tube 6100 fa iled  in an a typ ica l m anner  
b ecau se  o f the ab sen ce  of a lo c a l b u lg e . The n orm al deform ation  pattern  
is  a un iform  in c r e a se  in d ia m eter  along the length  of the tube fo llow ed  by 

a lo c a l  bu lging in the reg ion  w here the fra ctu re  s ta r ts . D eta iled  ex a m in a ­
tion  o f the te s t  s e c t io n s  show ed that the un iform  expansion  along the length  
of the sam p le  d e c re a sed  from  about 10% elon gation  in d iam eter  p r io r  to 
irrad ia tion  to  zero  at the h ig h est e x p o su r e . D isreg a rd in g  sa m p les  from  
Tube 6100, the lo c a l bu lging at the reg ion  o f fa ilu re  d e c re a sed  from  25 
to 15% w ith irra d ia tio n . T h ere  are in su ffic ien t r e s u lt s  to date to  be cer ta in  
that th ese  ch an ges in deform ation  pattern  at the point o f fa ilu re  are beyond  
the n o rm al sc a tte r  o f bu rst te s t  r e s u lt s .  The tj^pical sem id u ctile  appearance  

of the fra ctu re  su r fa ce  is  shown in F ig u re  10.

In none of the th ree  t e s t s  of s e c t io n s  from  L ocation  A. did the p re se n c e  
of fre ttin g  co rr o s io n  m ark s from  contact w ith  low er  fu el end b ra ck ets  a ffect 

the fa ilu re  c h a r a c te r is t ic s  o f the tu b e s . H ow ever , a fre ttin g  co rro s io n  
m ark from  a bundle w ire  w rap in a sec tio n  from  L ocation  B of Tube 6100
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did in itia te  the tube fa ilu r e . The la ck  of lo c a l bulging p reced in g  fractu re  

and the s lig h t ly  lo w er  b u rst stren g th s  of the sa m p les  from  Tube 6100 are  
in d icative  of fa ilu re  in itia ted  by a d efect in the tube w a ll. D eta iled  e x a m i­
nation of the sec tio n  from  L ocation  A fa iled  to detect any d e fec t. E xam in a­
tion  of the inner su r fa ce  of the sec tio n  fro m  L ocation  B rev ea led  the fre ttin g  

c o rr o s io n  m ark  in the reg ion  o f the cra ck  shown in F ig u r e s  11 and 12.
T h is  m ark  w as ca u sed  by contact betw een  the p r e ssu r e  tube and the bundle 

w ire  w rap of a UOg fu el e le m e n t. The c o r r o s io n  m ark  is  3 m ils  deep and 
th ere  is  a 2 -m il-d e e p  la y e r  of hydride under the m ark . A pparently the 
d eform ation  o f the tube w a ll behind the hydrided  a rea  cau sed  the m any sm a ll  
c ra ck s  shown in F ig u re  12, m o st o f w hich  pen etrate  on ly  through the  
hydride la y e r  (F ig u re  13). A s the s t r e s s  in crea sed  s e v e r a l of th ese  

cra c k s  began to propagate through the tube w a ll. F a ilu re  o ccu rred  when 
one of the c ra c k s  p en etrated  the w a ll. T he cra ck  w as a r r e s te d  even  though  
the s t r e s s  in the tube w a ll w as at le a s t  85% of the u ltim ate  stren gth  of the 
m e ta l, w hich  in d ica tes  that the tube behaved  in a du ctile  m an n er. T h e o r e ti­
c a lly , a sh ort d efect that p ro p a g a tes  through a tube w a ll w ill  end up with
an e ffe c t iv e  cra ck  length  of tw ice  the w a ll th ick n ess  at the tim e it p en etra tes  

(3)the w a ll. C rack  a r r e s t  t e s t s  have b een  run on u n irrad ia ted  tubing w hose

d u ctility  w as red u ced  by p r io r  co ld  w orking by 50% red uction  in a rea .
The t e s t s  w ere  run at room  te m p er a tu r e . A cra ck  tw ice  the w a ll th ick n ess
in len gth  w as in trod uced  into the tube w a ll w hile  the tube w as p r e ssu r iz e d .

When the p r e ss u r e  w as eq u a l to 80% of the tube u ltim ate  stren gth , the
(4)cra ck  propagated  fu ll length  of the sp e c im e n . When the p r e ssu r e  w as

70% of the u ltim ate  stren gth , the cra ck  did not propagate. The irrad ia ted
19sam p le  from  the annealed  sec tio n  ex p o sed  to 1 x 10 nvt (E > 1 M ev), 

ex h ib its  a g r ea ter  fra ctu re  to u g h n ess  than the u n irrad iated  co ld -w ork ed  

tubing that w as te s te d . The lo c a l y ie ld in g  or w a ll th inning around the cra ck , 
as shown in F ig u re  5, is  another in d ication  of the d eg ree  of d u ctility  that 

th is  tube h a s show n.

When the s m a ll c ra ck  popped through the tube w a ll, the p r e ssu r e  

sta r ted  to drop and the pump w as turned  o ff. The p r e ssu r e  w ithin the tube 
d e c r e a se d  to 2500 p s ig  at w hich  tim e  the leak age rate w as l e s s  than could
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be m ea su red  w ith  our p r e se n t eq u ip m en t. A pparently the lo c a l y ie ld in g  
around the cra ck  at the h igh  s t r e s s  w as su ffic ien t to cau se  the cra ck  to  
c lo se  when the s t r e s s  w as red u ced  by the drop in p r e s s u r e . The 2500 p s ig  
that the tube m ain ta in ed  is  g r e a te r  than tw ice  the op eratin g  p r e ssu r e  of the 

r e a c to r .

M eta llograp h ic  E xam in ation  of W ear C o rro sio n  M arks

Although th ere  have been a few  in sta n ce s  o f unexplained g o u g e-lik e  
m ark s on the in tern a l su r fa ce  o f the p r e ss u r e  tu b es, the m o st s e v e r e  

dam age h as been  from  the fre ttin g  c o r r o s io n  m ark s form ed  at contact 

poin ts betw een  the p r e ss u r e  tube and fu e l e le m e n ts . V isu a l in sp ection  in 
r ea c to r  h as d etec ted  w ear  c o r r o s io n  in a l l  p r e ssu r e  tu b e s . A s th ese  

tu bes w ere  rem o v ed  from  the r e a c to r , s e v e r a l  of th ese  w ear c o rro s io n  

a r e a s  w ere  ex am in ed  v is u a lly  and m e ta llo g ra p h ica lly .

Tube 6 1 0 0 . D e fe c ts  o b serv ed  in th is  tube w ere  a sm a ll gouge just a 

above the lo w er  fu e l e lem en t support m a r k s , top and bottom  fu el e lem en t  

end b rack et support m a r k s , and sp ir a l w ire  wrap m ark s from  the bundle 
w rap . The gouge w as 2 to  3 m ils  deep w ith  a la y e r  o f co ld -w ork ed  m eta l 
d ir e c t ly  under the gouge (F ig u r e s  14 and 15). Top and bottom  end bracket 

support m ark s ranged  in depth fro m  2 to 3 m ils  for  the top m ark  to 4 to 5 
m ils  fo r  the bottom  m ark . The a r e a  under the top m ark  contained  a la y e r  
of m a s s iv e  hydride 2 to  3 m ils  deep w h ile  the a rea  under the bottom  m ark  
w as fr e e  from  hydride that could  be d etec ted  m eta llo g ra p h ica lly  (F ig u res  
16 through 22). One sec tio n  of the tube cut for b u rst te s t in g  (L ocation  B , 
T ab le  II) contained  a sp ir a l w ire  w rap m ark  shown p r e v io u s ly  in F ig u r es  
11 and 12. M eta llograp h y  of the d efec t r ev e a le d  a la y e r  o f m a ss iv e  hydride  

about 2 m ils  deep d ir e c t ly  under the c o r r o s io n  m ark  (F igu re 13).

Tube 6 0 6 1 . F r e ttin g  c o r r o s io n  m a rk s from  the top and bottom  fu el 
e lem en t end b ra ck e ts  w ere  ex a m in ed . F o r  a 1-m onth operatin g  p er iod  a 
P u -A l e lem en t w ith w id er  end b rack et support lu g s  w as in th is  tu be.
T h ese  lu g s  w ere  1 /4 - in c h  w ide v e r s u s  a n o rm al 1 / 16 -in ch  w idth. The 

c o r r o s io n  m a rk s fro m  the narrow  lu g s  m ea su red  3 m ils  deep at the top  

support m ark  and 6 .5  m ils  deep at the bottom  support m ark . T h ese  m ark s
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o ccu rred  in a 2 -w eek  o p era tin g  p er iod  and th ere  w as a s lig h t in c r ea se  in 
the hydrogen  content under the top m ark  and v e r y  l i t t le ,  if any, in c r ea se  
under the lo w er  m ark . T h is  hydrogen  w a s in the form  of p la te le ts  as c o m ­
pared  to  the gran u lar  type in F ig u re  18 (F ig u r e s  23 through 28), The m a x i­
m um  p en etra tion  of the w ide lu g s  w as l e s s  than 1 /2  m il (F igu re 29). 
H ow ever , the fu e l e lem en t w as rem oved  and rep la ced  at le a s t  once during  

the 1 -m onth  o p era tin g  p eriod ; th e r e fo r e , the m axim um  tim e any one lug  

could have been  in con tact w ith  the tube w a ll w as ap p rox im ately  .2 op eratin g  

w e ek s .

Tube 5529. A lo w er  fu e l e lem en t end bracket support m ark and an 

ind ividual rod w ire  w rap m ark  n ea r  the lo w er  support m ark  w ere  exam in ed . 
Both m a rk s had the appearance of a contour r e lie f  m ap with th ree  p la tea u s. 

The m axim um  depth of th e support m ark  w as 5 m ils .  A la y e r  of m a ss iv e  

hydride about 2 m ils  deep w as found under the support m ark (F ig u r es  30 
and 31). O nly a s lig h t in c r e a se  in hydrogen  w as found under the w ire  

w rap m ark .

C rev ice  C o rro s io n  o f the U pper F lan ge

D uring the June 1961 In sp ection  o f the p r e ssu r e  tu b es, it w as noted  

that a ll 85 tu b es had a r e a s  of c r e v ic e  c o rr o s io n  w here the s ta in le s s  s te e l  
sp ira l-w oun d , a s b e s to s - f i l le d  g a sk e ts  con tact the top portion  of the fla n g e. 
T h ese  a r e a s  v a r ied  from  s m a ll p a tch es  to  a 1 /1 6 - in ch -w id e r in g  around  

the en tire  top o f the fla n g e .

F ig u re  32 sh ow s a ty p ica l c r o s s  sec tio n  o f a fla n g e . T h is  is  a 
scr e w e d  flange w ith tw o s e a l  w e ld s . The top w eld  has a m in im um  of

0 .0 2 0 - in c h  p en etra tion  and is  in con tact w ith  the p r im a ry  coo lan t. E x c e s ­
s iv e  c o r r o s io n  at the top s e a l  w eld  could  p en etra te  into the th rea d s and 

p o ss ib ly  ca u se  a b low -ou t o f the lo w er  s e a l  w eld .

Two p r e s s u r e  t e s t s  w ere  run on u n irrad ia ted  fla n g es  that w ere  

m ach in ed  to a llow  p r e ss u r e  to be app lied  to  the th re a d s . T h ese  fla n g es  

w ere  held  in a fix tu re  s im ila r  to  the in -r e a c to r  con n ectin g  jo in t. The 
lo w er  s e a l  w eld  s ta r ted  to lea k  at 2200 p s ig  at 550 F  in d icatin g  a fa c to r  

of 2+ o v er  o p era tin g  p r e s s u r e .
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T he fla n g es  from  tu b es nu m bered  6100, 6061, and 5529 w ere  d e s tr u c ­
t iv e ly  exa m in ed . The corro d ed  a r e a s  from  the flange from  Tube 6100 w as  

2 to 4 m ils  deep w ith 3 to 4 m ils  of m a s s iv e  hydride d ir e c t ly  under the 

corrod ed  a rea  (F ig u r e s  33 and 34). S e v e r a l a r ea s  o f p o r o s ity  w ere  noted  
in the s e a l  w eld  on the top su rfa ce  of the fla n g e . One o f th ese  h o le s  had 

c o rr o s io n  product in it and an a s so c ia te d  la y e r  of h yd rid es (F ig u r es  34 and 
35). S im ila r  a r e a s  w ere  exam in ed  from  T ubes 6061 and 5529, h ow ever, 
no h y d rid es  w ere  found beneath  corrod ed  a r e a s . F rom  the exam ination  of 
th ese  th ree  f la n g e s , the ex ten t o f c o r r o s io n  in th ese  a r ea s  d oes not appear  
to be in c r e a s in g  at a m ea su ra b le  ra te .

ACKNOW LEDGEMENTS

G ratefu l ack now led gem en ts are m ade to  P . M . Jack son ,
W. J . G ruber, H . T a y lo r , and R . T ea ts  who conducted the bu rst t e s t s  

and r a d io m e ta llu r g ica l ex a m in a tio n s .

R EFER EN C ES

1. D om an, D . R . and P . J . P a n k a sk ie . In-R e actor  M onitoring of 
Z ir c a lo y -2  PR TR  P r e s s u r e  T u b es , P a rt I, S eptem ber 1960 - 

M ay 1960 , H W -73701 R EV . M ay 25, 1962.

2. K necht, R. L . The P h y s ic a l In teg r ity  and C o rro sio n  R e s is ta n c e  of 

the PR TR  Z ir c a lo y -2  High P r e s s u r e  P r o c e s s  T u b e s , H W -67677. 
D ecem b er  1, 1961,

3. Irw in , G. R . "R elation of C ra ck -T o u g h n ess  M ea su rem en ts  to 
P r a c t ic a l A p p lica tio n s, " A m . S oc. M ech.. E n g r s . , P a p er  62 -M E T -1 5 .

4. A un gst, R . C . and L . J . D efferd in g . P e r so n a l D ata. A p ril, 1962.



1 1 - HW-73698 REV

4. 0 6 2 - I n c h  D i a m e t e r

3 . 5 8 4 - I n c h  M a x i m u m  D i a m e t e r

3,  2 5 - I n c h  D i a m e t e r

0.  1 4 6 - I n c h  M i n i m u m  W a l l  T h i c k n e s s

17 I n c h e s

O v e r  0.  2 2 0 - I n c h  W a l l  T h i c k n e s s

1. 5 4 - I n c h
M i n i m u m  D i a m e t e r

2 ! 0 6 5 - I n c h  D i a m e t e r

FIGURE 1
PR TR  P r o c e s s  Tube w ith N om in a l D im en sio n s

ACC-GE RICHLAND. WASH.
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FIGURE 3
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FIGURE 4

Room T e m p e ra tu re  B u rs t  T e s t  Sample f ro m  P r e s s u r e  Tube 6100, 
Location  A, Rem oved A fter  2 Weeks O pera tion . 0.35X
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FIGURE 5
Room  T e m p e ra tu re  B u rs t  T e s t  of Tube 6100, L ocation  B, 

Im m e d ia te ly  Above the  Sam ple in F ig u re  4 
(F a i lu re  o c c u r r e d  when a c r a c k  th a t  s ta r te d  in a w e a r  
c o r ro s io n  m a r k  p ro p ag a ted  th ro u g h  the tube w all. The 
c r a c k  is about 3/ 16-inch long on the o u te r  su rfa c e  of

the tu b e .)
AEC-GC RICHLAND. WASH.



FIGURE 6
Room T e m p e ra tu re  B u rs t  T e s t  Sam ple f ro m  P r e s s u r e  Tube N u m b er  6061, L ocation  A,

R em oved  A fte r  1 -1 /2  M onths of O p e ra tio n . 1/2X
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FIGURE 7

Room T e m p e ra tu re  B u rs t  T e s t  Sample f ro m  P r e s s u r e  Tube Num ber 5529, Location  A,
Rem oved A fter  2 -1 /2  Months of O pera tio n . 1/2X
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FIGURE 8
Room T e m p e ra tu re  B u rs t  T e s t  Sam ple f ro m  Tube 5529, L ocation  B, 

Im m e d ia te ly  Above the Sample in F ig u re  7 
(This  sam p le  had the h ighest accu m u la ted  fa s t  neu tro n  ex p o su re  of the b u r s t  t e s t  s e c t io n s .) 1/2X
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FIGURE 9
C lo se -U p  of F r a c tu r e  f ro m  B u rs t  Sam ple in F ig u re  6 

(This  tube a p p e a re d  the le a s t  ductile  of any se c t io n s  t e s t e d . )
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FIGURE 10
C lo se -U p  View of F r a c tu r e  A re a  f ro m  F ig u re  8 

(Note s h e a r  a r e a  on inner  and o u te r  su rface  n e a r  point of f a i lu re ,  
e s t im a te d  to  be 30% of w all t h i c k n e s s . )
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FIGURE 11
W ear Cor ro s io n  M a rk  on Inner  Surface  

of Tube C au sed  by Bundle W rap 
(Sample is f ro m  p r e s s u r e  Tube 6100 shown in F ig u re  5 .)  2X

FIGURE 12
Sam e A re a  Shown in F ig u re  11 

(L arg e  c r a c k s  continue th ro u g h  the w all.  S m a lle r  
c r a c k s  extend the depth of the 2 -m il -d e e p  hydride  la y e r  

u n d e r  the c o r ro s io n  m a r k . ) 4X
AEC-aE RICHLAND. WASH.
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C ra c k  
T hrough  

H ydride L a y e r H ydride L a y e r

f

FIGURE 13
T r a v e r s e  Section of A re a  in F ig u re s  11 and 12 

Showing the C ra c k s  Extending  T h rough  the L a y e r  of M ass ive  H ydride 
(This  la y e r  is 1 -m il  deep in th is  a r e a . )  250 X

AEC-GE RICHLAND, WASH.
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FIGURE 14
R ep lica  M ade of Gouged A re a  

in the Tube W all of P r o c e s s  Tube 6100 
(M axim um  depth, 2-3  m ils )  3X

FIGURE 15
G ra in  S tru c tu re  U nder Gouge Shown in F ig u re  14 

(C o ld -w orked  s t ru c tu re  at su r fa c e  is 1 -m il  d e e p .)  500X

AEC-GE RICHLAND. WASH.
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enaim̂ -

FIGURE 16
P r o c e s s  Tube 6100 W ear  C o r ro s io n  M ark s  

with Individual Rod W ire  M a rk  on Left 
(Two d is t in c t  w e a r  a r e a s  show the fuel e lem en t sh if ted  during  
o p e ra t io n .  Depth is  2 m i l s .  U p p er  fuel e lem en t support  m a rk  

is  on the r ig h t .  Note white c o r ro s io n  p ro d u c t . )

FIGURE 17
Longitudinal Section T hrough  U pper  F u e l  Support M a rk ,

B E tched  and A nodized 
(A rea  n e a r  the top with no g ra in  s t r u c tu r e  is la y e r  of h y d r id e s . )

P o la r iz e d  L igh t,  250X
ACC-6E RICHLAND. WASH.
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FIGURE 18
Sam e A re a  as  F ig u re  17 

(L a y e r  n e a r  the top of p ic tu re  
shows m a ss iv e  h y d r id e s .  Depth is 2 m i l s . )  

B righ t F ie ld ,  250X

r w A K V ' *  « " s  •

FIGURE 19
R ep lica  of L o w er  F u e l  E lem en t Support M ark  on P r o c e s s  Tube 6100

(Depth is 4-5  m i l s . )  5X
AEC-GE RICHLAND. WASH.
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FIGURE 20
T r a n s v e r s e  Section T hrough  L o c a liz ed  C o r ro s io n  A rea  

at L o w er  F u e l  End B ra c k e t  Support M ark  fro m  F ig u re  19 
(M axim um  depth at th is  point is  2-3  m i l s . )

B r ig h t  F ie ld ,  5OX

FIGURE 21
B E tched  and Anodized Edge 

of C o r ro s io n  A re a  f ro m  F ig u re  20 
(C om pare  with F ig u re  17.) 

P o la r iz e d  L igh t,  25OX
AEC-6E RICHLAND. WASH.
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X ■

FIGURE 22
Sam e A re a  as  F ig u re  21 

(No h y d r id e s  a re  v is ib le  in th is  a r e a . )  
B r ig h t  F ie ld ,  25OX

AEC-GE RiCHLANO. WASH.
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FIGURE 23
P r o c e s s  Tube 6061 W ear  C o r ro s io n  A re a  

f ro m  the U p p e r  F u e l  E lem en t Supports  
(M axim um  depth is  3 m i l s . )

FIGURE 24
T r a n s v e r s e  Section T h ro u g h  U pper  F u e l  Support M ark  

Shown in F ig u re  23 
(T yp ica l C o ld -W orked  S tru c tu re .  B Etched) 

P o la r iz e d  L igh t,  250 X
AEC-GE RICHLANO. WASH.
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FIGURE 25
Sam e A re a  as  F ig u re  24 

(Note the slight in c re a s e  in h y d r id e s  u n d er  c o r ro s io n  a r e a . )
B righ t F ie ld ,  250X

FIGURE 26
P r o c e s s  Tube 6061 Lo'wer F u e l  E lem en t Support M ark  

(The c o r ro s io n  m a r k  in the c e n te r  of the sam ple  is 6 .5  m i ls  deep. 
T h is  o c c u r r e d  du r in g  the f i r s t  two w eeks  of o pera tion  and was 

cau sed  by the 1 / 16-inch wide s u p p o r ts . )  4X

AEC-GE RICHLAND. WASH.
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FIGURE 27
T r a n s v e r s e  Section of the Shallow End 
of the C o r ro s io n  M a rk  f ro m  F ig u re  26 

(T yp ica l Annealed S tru c tu re  
Found in the L ow er Half 

of the  P r e s s u r e  T ube . B Etched) 
P o la r iz e d  L ight, 250X

FIGURE 28
Same A re a  as F ig u re  27 

(V ery  Few  H ydride P la te le t s  
U nder C o r ro s io n  A re a .  B Etched) 

B righ t F ie ld ,  250X
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FIGURE 29
T y p ica l  W ear  C o r ro s io n  M a rk s  on P r o c e s s  Tube 6061 

f ro m  1 /4 -In ch -W id e  F u e l  Supports  
(One P u -A I e le m e n t was equipped with sp e c ia l  l /4 - in c h -w id e  su p p o rts  
to d e te rm in e  the  effect on w e a r  c o r ro s io n .  The m ax im um  p en e tra t io n  

th a t  o c c u r re d  w as l e s s  than 1/2 m i l  d u r in g  a tw o-w eek  o p era t in g  p e r io d  )
5X

AEC-GE RICHLANO. WASH.
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FIGURE 30
W ear  C o r ro s io n  M ark  

f ro m  L o w er F u e l  E lem en t Support in Tube 5529 
(M axim um  depth  w as 5 m i l s . )  50X

FIGURE 31
Sam e A re a  as  Above 

(L a y e r  of m a ss iv e  h y d r id e s  is 2 -m i ls  deep . B Etched)
B rig h t  F ie ld ,  25OX
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Top Seal Weld 
C o rro s io n  

Noted in  th is  A rea

B ottom  Seal Weld

FIGURE 32

Top F lan g e  C o n s tru c t io n  Showing T h re a d s  and Location  of Seal W elds .
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FIGURE 33
Top F lange  f ro m  Tube 6100 

(Heavy white r in g  is  c o r ro s io n  p ro d u c t .  Light r in g s  a re  p la c e s  w here  
the gaske t has  cut th ro u g h  the  oxide f i lm .)  ~2X

AEC-GE RtCHLAND. WASH.



-35- HW -73698  R E V

FIGURE 34
One C o r ro s io n  A re a  f ro m  F ig u re  33, Showing G ray  L a y e r s  of Oxide 
(U pper Left) and Gas P o ck e t in Seal W eld with G ray  L a y e r  of Oxide 

at L o w er  Right in the H ole. As P o lish ed ,  lOOX

i  ' . 1, .

FIGURE 35
Sam e as  F ig u re  34 

(Note m a ss iv e  h y d r id e s  in b e ta  p h ase  s t ru c tu re  beneath  oxide 
at u p p e r  left and at lo w er  r ig h t  in the ho le . B Etched) 

B rig h t F ie ld ,  250 X
AEC-GE RICHLAND. WASH.
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71-74  A to m ic  E n e r g y  of C a n a d a  L im i te d
75-77  A to m ic  E n e r g y  of C a n a d a  L im i te d

A ttn; R , I s l e s  (T o ro n to )
P .  A. R o s s - R o s s  (C ha lk  R iv e r )
W. R . T h o m a s  (C halk  R iv e r )

78 _ B a t t e l l e  M e m o r i a l  I n s t i tu te
A ttn: J .  V an  E ch o  

7 9 -80  C a n a d ia n  G e n e r a l  E l e c t r i c  C o . , L td .
P e t e r s b o r o u g h ,  O n ta r io  

A ttn: D. B o x a l l  
D. N a s s e r

81 G e n e r a l  E l e c t r i c  T e c h n ic a l  D a ta  C e n t e r ,  S c h e n e c ta d y
8 2 -8 6  H a n fo rd  O p e r a t io n s  O ffice

Attn: P .  M . M idk iff  
J .  M . M u s s e r  
O. W . R athbun  
M . R . S c h n e l le r  
J .  Sako

87 H O O -T e c h n ic a l  In fo rm a t io n  L i b r a r y
88 N a v a l  R e s e a r c h  L a b o r a t o r y

Attn: L .  E .  S te e le
89 U n i te d  K ingdom  A to m ic  E n e r g y  A u th o r i ty  

H a r w e l l ,  B e r k s ,  E n g lan d
A ttn: B . Cox 

9 0-91  U n i te d  K ingdom  A to m ic  E n e r g y  A u th o r i ty
A to m ic  W eapon  R e s e a r c h  E s ta b l i s h m e n t  
A ld e r m a s to n ,  B e r k s ,  E n g lan d  

A ttn: E .  P e r r y m a n  
R . N ic h o ls
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S c h e n e c ta d y
W ash in g to n

A b e r d e e n  P r o v in g  G round  
A e r o j e t - G e n e r a l  C o r p o r a t io n  
A e r o j e t - G e n e r a l  N u c leo n ic s  
A e r o n a u t i c a l  S y s te m s  D iv is io n  
A e r o p r o j e c t s  I n c o r p o r a te d  
A l l i s - C h a l m e r s  M a n u fa c tu r in g  C o m pany  
A l l i s - C h a l m e r s  M a n u fa c tu r in g  C om pany ,
A l l i s - C h a l m e r s  M a n u fa c tu r in g  C om pany ,
A l l i s o n  D iv is io n —CMC
A rg o n n e  N a tio n a l  L a b o r a to r y
A r m o u r  R e s e a r c h  F o u n d a t io n
A r m y  M is s i l e  C o m m a n d
A EC  S c ie n t i f ic  R e p r e s e n ta t i v e ,  B elg ium
AEG S c ie n t i f ic  R e p r e s e n ta t iv e ,  F r a n c e
A E C  S c ie n t i f ic  R e p r e s e n ta t i v e ,  J a p a n
A to m ic  E n e r g y  C o m m is s io n ,  W ash in g to n
A to m ic  E n e r g y  of C an a d a  L im i te d
A to m ic s  In te r n a t io n a l
B ab c o c k  and  W ilco x  C o m p an y
B a t te l l e  M e m o r ia l  In s t i tu te
B e e r s  (R o land  F . ) ,  Inc .
B e r y l l iu m  C o r p o r a t io n  
B r id g e p o r t  B r a s s  C o m p an y  
B r id g e p o r t  B r a s s  C o m p an y , A sh ta b u la  
B ro o k h a v e n  N a t io n a l  L a b o r a to r y  
B u r e a u  of M in es ,  A lbany  
B u r e a u  of S h ip s  (Code 1500)
C a r b o ru n d u m  C o m p a n y  
C h an c e  V ought C o r p o r a t io n  
C h ic ag o  P a te n t  C ro u p  
C le v i te  C o r p o r a t io n  
C o m b u s t io n  E n g in e e r in g ,  Inc.
C o m b u s t io n  E n g in e e r in g ,  Inc . (NRD)
D e fen ce  R e s e a r c h  M e m b e r
D e n v e r  R e s e a r c h  In s t i tu te
D e p a r tm e n t  of the  A r m y
Dow C h e m ic a l  C o m p a n y  (R ocky F la t s )
d u P o n t  C om p an y , A ik en
d u P o n t  C o m p an y , W ilm in g to n
F e d e r a l  A v ia t io n  A g en cy
F r a n k f o r d  A r s e n a l
F r a n k l i n  In s t i tu te  of P e n n s y lv a n ia
F u n d a m e n ta l  M eth o d s  A s s o c ia t io n
G e n e r a l  A to m ic  D iv is io n
G e n e r a l  D y n a m ic s /A s t r o n a u t i c s  (NASA)
G e n e r a l  D y n a m ic s /C o n v a i r ,  S an  D iego  (BUW EPS) 
G e n e r a l  D y n a m i c s / F o r t  W o rth  
G e n e r a l  E l e c t r i c  C o m pany , C in c in n a t i
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3

G e n e r a l  E l e c t r i c  C o m pany , San  J o s e  
G e n e r a l  E l e c t r i c  C o m p an y , S t. P e t e r s b u r g  
G e n e r a l  N u c le a r  E n g in e e r in g  C o rp o ra t io n  
G e n e r a l  S c ie n t i f ic  C o r p o r a t io n
G e n e r a l  T e le p h o n e  and  E l e c t r o n ic  L a b o r a to r i e s ,  Inc.
G o o d y e a r  A to m ic  C o r p o r a t io n
Iow a S ta te  U n iv e r s i ty
J e t  P r o p u l s io n  L a b o r a to r y
K n o lls  A to m ic  P o w e r  L a b o r a to r y
L o c k h e e d  G e o rg ia  C o m p an y
L o c k h e e d  M is s i l e s  and  S p ace  C o m p an y  (NASA)
L o s  A la m o s  S c ie n t i f ic  L a b o r a to r y  
M & C N u c le a r ,  Inc .
M a l l in c k ro d t  C h e m ic a l  W o rk s  
M a r i t im e  A d m in i s t r a t io n  
M a r t i n - M a r i e t t a  C o r p o r a t io n  
M a te r i a l s  R e s e a r c h  C o r p o r a t io n  
M ound L a b o r a to r y  
NASA L e w is  R e s e a r c h  C e n te r
NASA S c ie n t i f ic  and  T e c h n ic a l  In fo rm a t io n  F a c i l i t y  
N a t io n a l  B u r e a u  of S ta n d a rd s  
N a t io n a l  B u re a u  of S ta n d a rd s  (L ib ra ry )
N a t io n a l  L e a d  C o m p a n y  of Ohio 
N a v a l  P o s tg r a d u a te  Schoo l 
N a v a l  R e s e a r c h  L a b o r a to r y  
New B ru n s w ic k  A r e a  O ffice
N u c le a r  M a te r i a l s  and  E q u ip m e n t  C o r p o r a t io n  
N u c le a r  M e ta ls ,  Inc .
O ff ice  of A s s i s t a n t  G e n e r a l  C o u n se l  fo r  P a te n t s  (AEC)
O ffice  of N a v a l  R e s e a r c h
O ffice  of N a v a l  R e s e a r c h  (Code 422)
O rd n a n c e  M a te r i a l s  R e s e a r c h  O ffice  
O rd n a n c e  T a n k -A u to m o t iv e  C o m m a n d  
P h i l l ip s  P e t r o l e u m  C o m p an y  (NRTS)
P ic a t in n y  A r s e n a l
P o w e r  R e a c t o r  D e v e lo p m e n t  C o m p an y  
P r a t t  and  W h itn ey  A i r c r a f t  D iv is io n  
P u r d u e  U n iv e r s i ty  
RAND C o r p o r a t io n  
R e n s s e l a e r  P o ly te c h n ic  In s t i tu te  
R e s e a r c h  A n a ly s is  C o r p o r a t io n  
S a n d ia  C o r p o r a t io n ,  A lb u q u e rq u e  
S a n d ia  C o r p o r a t io n ,  L i v e r m o r e  
S p a c e  T e c h n o lo g y  L a b o r a t o r i e s ,  Inc .
S y lv a n ia  E l e c t r i c  P r o d u c t s ,  Inc .
T e c h n ic a l  R e s e a r c h  C ro u p  
T e n n e s s e e  V a l le y  A u th o r i ty
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E X T E R N A I. DISTRIBUTION (Contd)

N u m b e r  of C o p ie s
2 U nion  C a r b id e  N u c le a r  C o m p an y  (ORGDP)
5 U nion  C a r b id e  N u c le a r  C o m p an y  (ORNL)
1 U nion C a r b id e  N u c l e a r  C o m p an y  (P a d u c a h  P lan t)
1 U n ited  N u c l e a r  C o r p o r a t io n  (NDA.)
1 U n ite d  N u c l e a r  C o r p o r a t io n  (OMC)
1 U . S .  G e o lo g ic a l  S u rv e y ,  D e n v e r
1 U . S .  G e o lo g ic a l  S u rv e y ,  M enlo P a r k
1 U . S .  G e o lo g ic a l  S u rv e y ,  W ash ing ton
1 U . S .  P a te n t  O ff ice
2 U n iv e r s i t y  of C a l i f o r n ia ,  B e r k e le y
2 U n iv e r s i t y  o f  C a l i f o r n ia ,  L i v e r m o r e
1 U n iv e r s i t y  of P u e r to  R ico
1 W a te r to w n  A r s e n a l
1 W e s te r n  R e s e r v e  U n iv e r s i ty  (M ajo r)
4 W e s t in g h o u se  B e t t i s  A to m ic  P o w e r  L a b o r a to r y
1 W e s t in g h o u se  E l e c t r i c  C o rp o ra t io n
1 W e s t in g h o u se  E l e c t r i c  C o rp o ra t io n  (NASA)
1 Y ankee  A to m ic  E l e c t r i c  C o m p an y

325 D iv is io n  of T e c h n ic a l  In fo rm a t io n  E x te n s io n
75 O ff ice  o f  T e c h n ic a l  S e r v i c e s ,  W ash ing ton
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