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E.  L .  Youngblood R .  G .  TJ'LCOl 

R .  P.  Milford J .  B. Iiuch 

Corrosi-on of  t'ne V o l a t i l i t y  P i l o t  P l a n t  process  v e s s e l s  
was per iod- icn l ly  determined during I C 0  p rocess in  g runs i n  
which uraniwn was recovered- from both i r r a d i a t e d  arid non i r r a -  
di .ated zirconium arid- Zircaloy-2-clad f u e l  e lements .  The 
primary r e a c t i o n  v e s s e l s  were t h e  hydro f luo r ina to r ,  constructed.  
o f  INOF,-8, which was exposed t o  gaseous hydrogen f luoride and 
an NaF-Li.F-ZrF4 molten ~ ~ 3 1 %  mi-xture a-t 500 t o  650°c, and t h e  
f l u o r i n a t o r ,  cons t ruc t ed  of Nickel  201 (low-cazbon n i c k e l ) ,  
vkich was exposed t o  f l u o r i n e  and molten s a l t  a t  about  500°C. 

Bot'ri the hydro f luo r ina to r  and t h e  f l . uo r ina to r  were 
designed wi th  s u b s t a n t i a l  co r ros ion  al lowances.  Rased on 
t h e  co r ros ion  a.llowance remaining and n!aximLun bulk-met8.l l o s s  
rates, t'ne v e s s e l s  should. be su: i table  f o r  a t  least  28 addi.- 
t i o n a l  rims and poss ib ly  cons iderably  more. So far, 40 runs 
have been made. 

14a11 -th i c kne s s mea s urement s we re  made p r  imar LLy by 
ul-Lrasonic measuring devices .  D i rec t  measurements were imde 
by Vidigage, and remote ma,:;i.irements were m u l e  i n  the hydro- 
f1uor:i.m-tor by R pu l se  -echo t e c h i q j i e  origri n a l l y  develop.sd- 
f o r  use i n  t'ne Homogeneous Reactor Test.  P i t t i n g ,  c racking  
and i n t e r g r a n u l a r  co r ros ion  were s t u d i e d  v i s u a l l y  wi th  t e l e  - 
scopes and mir rors ,  by radiography, by .wax impressions,  and 
by removal and examination oi' specimens . 
cor ros ion  rates were a l so  detemi-i-ned from anaiyses  of  cor ro-  
si.on prod.uct:; i n  t'ne sa l t .  Corrosion d . a t a  f o r  Nickel  201 and 
ot'iler meta l  t,hat had p o t e n t i a l  as f l u o r i n a t o r  cons t ruc t ion  
material were o'otaincd from cor ros ion  rods i n s e r t e d  i n  t h e  
f l u o r i n a t o r .  

mar i ly  by bulk-metal  loss .  Cracking occurred i n  t h e  lower 
l7 i n .  of the vesse l ,  m k i n g  it necessary  t o  r ep lace  ZAis 
s e c t i o n  a f t e r  29 runs;  b u t  t h i s  c racking  i s  be l i eved  t o  
'nave been d.ue t o  weld stresses on a substandard p i ece  o f  
INOR-8. The maximim cor ros ion  rate of 0.11-i- mil /hr  of BE' 
exposure (38 mils/montki of molten salt) occurred i n  t h e  
replacement bottom. The maximum r-ate f o r  t h e  remainder of 
t h e  v e s s e l  a f te r  40 runs was 0.028 m i l / h r  o f  H F  (8.1 mils/ 
month of  molten s a l t  o r  about  0.7 m i l  p e r  run). 
estri.mated t o  be n o t  more than  20 m i l s  deep o r  20 riiils in dia- 
meter, and s e v e r a l  s m a l i  f i s s u r e s  e s t ima ted  t o  be not more 
than  10 mils -cri.de, were seen i n  t h e  lower s e c t i o n  o f  t h e  

Hydrofluori.na.tor 

Corrosion i n  t h e  INOR-8 hydro f luo r ina to r  occurred p r i -  

A f e w  p i t s  

. 
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hydrof l i io r ina tor  a f t e r  40 ruis, b u t  no ex tens ive  cor ro  - 
s i o n  was observed. 

The Nickel 201 f l u o r i n a t o r  had s i g n i f i c a n t  bulk-metal  
losses and i n t e r g r a n u l a r  cor ros ion .  The weld f i l l e r  metal. 
61 used for cons t ruc t ion  of  the  f l u o r i ~ n a t o r  w a s  s e l e c t i v e l y  
a t t a c k e d  by aqueous so lu t ions  used t o  decontaminate t h e  
system. 
o f  F2 exposure occurred in t h e  lower vapor reg ion  a f te r  14- 
runs .  Two specimens c u t  from the  lower f l u o r i n a t o r  w a l l  
a f te r  29 runs had a t o t a l  cor ros ion  r a t e  (i-ncluding - inter-  
g ranu la r  co r ros ion  on the  i n s i d e  and ou t s ide  s u r f a c e s )  of 
0.28 t o  0.56 mi l /hr  of exposure -io F2. P i t s  up t o  10 m i l s  
deep were measured i n  t h e  vapor s e c t i o n  a f - t e r  I.)+ runs .  

The maximum Nickel  201 bulk-metal  l o s s  of 0.9 mi l /hr  

INTRODUCTION 

The Fluoride V o l a t i l i t y -  P i l o t  P l a n t  a t  Oak Ridge Nat iona l  La.boratory 

was used t o  demonstrate a nonaqueous process f o r  recovering enri-ched 

uranium from spent  f u e l  elements.  

1963, f o r t y  runs were made w i t h  both i r r a d i a t e d  and non i r r ad ia t ed  

zirconium and Zircaloy-2-clad f u e l .  The process  used gaseous hydrogen 

f l u o r i d e  t o  d i s s o l v e  t'ne f u e l  element j.n an  NaF-LiF-ZrF molten s a l t  

mixture i n  t h e  500 t o  650°C temperature  range. This w a s  done i n  the  

hydro f luo r ina to r  v e s s e l  which w a s  cons t ruc ted  of INOH-8. 

element w a s  d i sso lved ,  the  molten s a l t  w a s  t r a n s f e r r e d  t o  t'ne f l u o r l n a t o r ,  

where it was sparged wi th  elemental  f l u o r i n e  t o  v o l a t i l i z e  uranium from 

t h e  sa l t  as rP6. 

mally opera ted  a t  500°C. 

connected by INOR-8 p ipe .  

From September 1960 through November 

4 

a 
A f t e r  the f u e l  

b 
The f luor i .na tor  w a s  cons t ruc ted  of  Nickel  201 and nor-  

The hydrofluori-nator  and Yluori.nator were 

a 

bNickel 201 was formerly known as L ( l o w  carbon)  n i c k e l .  

Nominal INOII-8 composition ( w t  $I): 71% N i ,  16$ Mo, 7% C r ,  5% Fe. 

Nominal 
composition ( w t  $): 99.5% N i ,  0.01% C, 0.2% Mn, 0.15% Fe, 0.005% S, 
O.O$ Si ,  0.05% CU.  
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The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e  t h a t  t h e  equipment can t o l e r a t e  

28 more ruw, making a t o t a l  o f  68. 

Because of t h e  h igh  cor ros ion  p o t e n t i a l  o f  the system, cor ros ion  

r a t e s  of t he  hydrof luor ina tor ,  f l uo r ina to r ,  and a,ssocFated lines were an  

important  cons ide ra t ion  i n  the success fu l  ope ra t ion  of  t h e  process .  

Corrosion-rate  measurements f o r  t h e  hydrof‘ luorinator  were nmtde after 7, 

14, 21, 29 and 40 runs.  

a f t e r  I&, 21, and 29 runs .  

Measurerflents for the  f lu -o r ina to r  were made 

Wal l  th icknesses  were measured primarily by 

a 
Vidigage 

Ilornogeneous Reactor Tlest P i t t i n g ,  cracking, and i n t e r g r a n u l a r  cor ro-  

s i o n  were s tud ied  by v i s u a l  examination wi th  a Qu.estar te lescope ,  

Omniscope, by wax impression, by radiography, and by specimen removal 

aarl ex,arninat,ion. Chemical ana lyses  of t h e  ,salt from t h e  f i r s t  14 runs 

and by a pulse-echo method o r i g i n a l l y  developed f o r  use a t  t h e  

b am 

c 

were made t o  d-etermine hydro f luo r ina to r  cor ros ion  r a t e s  Prom corros ion  

products  i n  the  salt. Of p a r t i c u l a r  i n t e r e s t  was a study of the bottorn 

l (  i n .  of  t he  hydrofluori .nator which w?*s rerroved a f t e r  29 runs b e e a w e  

a c rsek  developed near  thermcoiqlc-:.reld beads.  

two 4- in .  -diarn s e c t i o n s  trepanned from the low?r pa r t  of  t h e  i ’ l U O r i f i a t O r  

Also o f  i n t e r e s t  were 

a f t e r  29 runs.  Aqueous s o l u t i o n s  were used t o  clean and decontaminate 

the  equi.prrient before most corros ion  measiirements were made. 

Corrosion r e s u l t s  a f t e r  ‘ 7 ,  llc, and 21 runs h8ve been reported.  yre-  

The purpose of this reporb  i s  t o  p;i.ve cor ros ion  results v ious ly  . 2,3,4 
af ter  29 a r id  40 rims and t o  surrrrarize cor ros ion  r e s u l t s  froiii t;’ne e n t i r e  

z ircoiiiurn program. 

a. 

bManufactured by Questax, Inc  . , New IIope, Pa. 

Manufactured by Branson Instraments ,  Inc . , Stamford, Conn. 

c Manufactured by Lerrm Corp., Nortl-imipton, Mass. 



HYDROF'LUORINAYYIR CORROSION 

Descr ip t ion  of Bydrof luor ina tor  

Yne hydrof luor i -na tor  was about  l 7 - f t  hi.gh and w a s  cons t ruc t ed  o f  

r o l l e d  and welded INOR-8 p l a t e  (F ig .  1). 

f u e l  elements dur ing  d . i sso lu t ioa ,  w a s  5-l/P j-n. i n  o u t e r  di-ameter and. w a s  

made from four  2 - f t  s e c t i o n s  and one 1-f t  sect i -on o f  r o l l e d  1 /4- in .  p l a t e  

welded toge the r .  

1 /2 - in .  p l a t e .  

Above t h e  cone w a s  a 24-in.-OD vapor de-entrainment s e c t i o n  made of 318- 

i n .  p l a t e .  The v e s s e l  w a s  l o c a t e d  i n  c e l l  1 of Building 3019 and had a, 

6-iii.-diam pipe  extending upward i n t o  t h e  penthouse for fuel-element  

charg ing .  

T'ne lower 9 ft, which he ld  t h e  

Above t h i s  s e c t i o n  w a s  a IG-i-n.-high cone made from 

The s a l t  i n t e r f a c e  w a s  norrml1.y i n  the  c o n i c a l  sect i .on.  

A d i s t r i b u t o r  pla'ie and 3/8-in.  INOR-8 pipe were ai;i;ached t o  t h e  

bottom of t h e  hydro f luo r ina to r  f o r  in t roducing  IIF i n t o  t h e  v e s s e l .  A 

1 /2 - in .  I N O R - 8  p ipe  l i n e  wa,s also a t t a c h e d  t o  -the bottom o f  t h e  d i s t r i b -  

u t o r  p l a t e  f o r  t r a n s f e r r i n g  molten s a l t  t o  the  f l u o r i n a t o r .  A t h i r d .  

3 /8- in .  IN OR-^ p ipe  en te red  t h e  hydro f luo r ina to r  27 i n .  above the  cone 

and was used f o r  charging feed  salt. 

The 5-1/2-in.-diam secti-on, cone, a,nd t h e  lower 2 f t  of the  2k- in . -  

diarn s e c t i o n  o f  t he  hydro f luo r ina to r  were heated by a furnace  t ha t  had 

s i x  s e p a r a t e l y  conLrolled hea t ing  zoiaes . 
s e c t i o n  w a s  hea ted  wi-t'n t u b u l a r  e l e c t r i c  h e a t e r s  h e l d  agai-nst  t h e  v e s s e l  

w i t h  c1.i.p~ that were t a c k  wel.ded t o  the v e s s e l .  Temperature measurements 

were made w i t h  thermocouples loca.Led i n  a well i -nside the  v e s s e l  and t a c k  

welded t o  the  outsi.de s u r f a c e .  

The t o p  ol" the  24- in .  -diam 
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The H F  i n l e t  l i n e  and t h e  mol ten-sa l t  t r a n s f e r  l i n e s  were hea ted  by 

autoresis t ,ance h e a t  generated by pass ing  a low-voltage a l t e r i i a t i  ng c u r r e n t  

through the  l i n e .  

Operating Environment 

Four types o f  f u e l  elements were processed dur ing  t h e  zirconium pro- 

gram, as fol lows:  (1) d. imy elements conta in ing  no uranj.wfl. (des igna ted  

as T-ser ies  runs) ,  ( 2 )  non i r r ad ia t ed  elements conta in ing  about 3. w t  '$ 

uranium (TU-series runs ) ,  ( 3 )  i r r a d i a t e d  f u e l  cooled f o r  about 6 years  

(R-ser ies  runs) ,  and ( 4 )  i r r a d i a t e d  f u e l  cooled from 6 t o  13 months (R- 

s e r i e s  runs ) . I n  a d d i t i o n  t o  f u e l  dissolu.ti.on, t he  hydro f luo r ina to r  w a s  

subjected.  t o  mol ten-sa l t  f l u shes  and HF sparges  f o r  t e s t i n g  and. c leaning  

t h e  system ( a l s o  des igna ted  as T-ser ies  rims). A summary o f  t h e  run con- 

d i t i o n s  for t'ne zirconium program i.s given i n  ITable 1. 

Aqueoiis s o l u t i o n s  were used f o r  c leaning  tihe system f o r  i n spec t ion  

o f  the vessel.  w a l l s  and f o r  reducing the  raci ia t ion background. Ammonium 

o x a l a t e  sol.ution (0.3 t o  0.35 M )  hias used t o  remove t h e  s a l t  f i l m ,  a 

s o l u t i o n  of aluminum n i t r a t e  (0.01 t o  0.24 14) and d i l u t e  n i t r i c  a c i d  

(0.01 t o  0.8 M )  were used f o r  rernovi-ng s c a l e ;  sodium hydroxide-hydrogen 

peroxide-sodium t a r t r a t e  s o l u t i o n s  (5-1-1 and 5-22 w t  '$) were used f o r  

removing r ad ioac t ive  m a t e r i a l  such. as ruthenium. 'i'able 2 g ives  t h e  de- 

e0ntamina.t-ion condi t ions  uxed during t h e  zirconium program. 

Typical. Operating Cond.i.tri.ons 

- 

- 

- 

~ - - .  

The process  was opera-Led on a ba tch  bas i s .  E i t h e r  one 01' two f u e l  

elements were charged. t o  the hydrofluori-nator  a t  room temperature .  The 

v e s s e l  w a s  then purged w i t h  heli.um and hea ted  .to about  6 5 0 " ~ .  

diam seet i -on w a s  kept  zt, 650°C f o r  about  30 min t o  mel t  s a l t  sp l a sh  from 

The 24-in.-  
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Exposure 
T h e ,  1r 

?,on Mole $ .+ Uranium ReEion 3egior. Sal-t Residence Xate 
Designa Liona I n i t i a l  F i r  Content 'dt $ Nax ~ Min Max- Min Time, hr ?;/inin 
__I__I_________ 

S a l t  Transfer  
S-tudies 
b 

T - 1  
!?-e 

T-4 
T-5 
m '  I - U  

T-7 

T-3  

T-lC 
Tu-2 
TU-3 
TU-4 
Tu-5 
TU-6 
Tu-? 

s-8 
T-9 
T-IO 
r_7u-8 
T3-9 
TJ-13 
TJ-11 

m-12 
R - 1  
R-2 
R-3 
H-4 
R-5 
R - 5  
T-11  

TU-13 
TU-14 
TIJ-15 
R-7 
R-8 
R-9 
R-IO 
H-11 
T-12 
T-13 
T-14 

2'( -2?-46 

43-22- 35 
33-30-32 
39-39-22 
38-37-25 
38-37-25 
38-37-25 
37-37-26 

40- 35 -25 

33-41-26 
42-34-24 
42 - 35 -23 
38-3'1-25 
39-38-23 

37-38-25 

28-30-42d 
32-33 -35 
38-3.:-25 
35-4: -24 
35 -42 -23 
36-40-2'1 
35-42-23 

39-38-23 

37- 35 -28 
37- 3 5 -28 

32-38-30 

38-35-27 
37-35-29 

36-35-29 

40-32-23 

39-33-28 

41 -31 -28 

39-32-29 
40- 31 -29 

39-33-23 
38-32-30 
L1-3-28 

43- 3 3 -27 

e 

39 - 33 -28 
e 

27 -2- -46 Kone 

31 -l'/ -52 None 
30-2,: -43 None 

435 425 565 535 

410 560 520 
380 5 30 

11-26-43 Norie 575 625 
5 00 633 
460 52 i 

30-27-43 
33-27-43 
31-30-39 
27-27-46 

34-26-40 
30-27-43 
30-31-39 
37-29-34 
29-29 -42 
34-28-38 
j0 - 30 -40 

20-22-58 
27-28-45 
27-2$-46 
23-32-40 
28-32 -40 
29-3:~-40 
23-32-40 

31-29-40 
27-25 -4 9 
27-27-46 
29-27 -44 
26-27-44 
28-27-45 

33-26-40 
25-29-46 

29-25-46 
39-24-46 
32-24-44 
31-23-45 
30-25-4j 
30-25-45 
31-24-45 

32-26-42 
29-25-46 

No?e 
?lOW 
None 
Prone 

0.3 
0.2 
0.3 
0.5 
0.2 
0.3 
0.2 

Rone 
Kone 
Rone 
0.2 
0.2 
3.2 

0.3 

0.3 
0.1 
0.2 
0.2 
0.1 
0.1 
0.1 
0.03 

0.4 
0.2 
0.2 
0.4 
0.k 
0.5 
0.4 
0.3 
O.OL 
None 
Sone 

590 
5 70 
550 
590 

5 60 
620 
5'iQ 
57: 
525 
525 
515 

52.3 
460 
520 
525 
555 
520 
555 

590 
615 
5 '0 
523 
525 
525 
515 
503 

5 50 
536 
575 
68 5 
5 60 
620 
5 50 
625 
6j> 

390 656 
4LO 655 

400 670 
450 650 
390 655 
440 550 
LOO 650 
385 650 
1-05 650 

7 run Tota l  

14 run Total 

395 640 

400 652 

360 560 
400 640 

395 655 

39 5 665 
395 653 

21 run Tota l  

350 640 
400 650 
370 650 
3-0 645 
475 651 
4io 560 
400 550 
365 555 

400 690 
385 660 
450 645 
445 680 
433 660 
435 630 
380 648 
530 620 
478 650 

430 500 
500 500 

29 run Tota l  

40 run %ta l  

553 
49 5 
532 
503 
525 

490 
500 
495 
555 
500 
500 
500 

503 
510 
490 
49 5 
500 
49; 
503 

505 
500 
495 
490 
550 
500 
49 5 
490 

49 5 
5 03 
503 
495 
500 
502 

490 
5 31 

498 

44.5 

87 
Y5 
57 
51.5 
@2 

59.5 
52 

509.5 

44 
3'5 
32.5 
36 
36 
35 
37 
765 

67 
89 
111 
49 
70 
129 
59 

1, 3j9 .O 

52 
52 

35 
90 
36 
50 
38 

1,753 
73.3 
62 .a 
58.3 
29.5 
64.8 
29 .'r 
32.6 
31.0 
35.2 
49.0 
47.5 

2,268. j 

38 

0 

l0i 
40 
93 
93 
93 

118,153 
135 

15O,120, 75,kO 
150,120,100,40 
140,124,75,40 
125,103,75, 40 
120,75,40 
125,100,40 
125,100,LO 
125,100,75,40 
125,43 
203 
200 

0 

38 
41.5 
25 
22.5 
27 
25 
23 
203 

23 
24 
19.5 
11 
22 
19 
1: 

338.5 

23.2 
18.9 
30 .0 
18.0 
24.0 
22.8 
23.0 
50'. 4 

- 

__ 

19.5 
33.2 
2L.O 
18 .? 
12.6 
19.7 
25.1 
29.5 
586.2 
28.7 
25.5 
20.6 
18.3 
18.6 
16.5 
15.5 
1,7.6 
22.3 

677.9 

-- 

1.4 
0.7 

aRuns are l i s t e d  i n  chronological o rde r .  

t he  T-series slmulated foe1 elements of Zircaloy-2 were used. 

' In  the  YkJ-series alloy fue l s  with Zircaloy-2 cladding was dsed. 

'Abnormal f i n a l  ZrF. content  w a s  due t o  an opera t iona l  e r r o r .  

eSa l t  was blended from 27.5-27.5-45 and 37.5-37.5-25 mole 

f:iF flow rate w a s  var ied  dLririg d i s so lu t ion  t o  determine tne  e f f e c t  o f  ?low on dissolu-ion r a t e .  

XaF-LiF-ZrF4 salts .  

The 40 g/min r a t e  w a s  used f o r  s a l t  clean-up a f z e r  d i s so lu t ion  w a s  completed. 
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Table 2.  Decontzmination I-iistory of %he V o l a t i l i t y  PLlo t  Piari t Hydro f luor i n a  t o r  

Cleaned A f t e r  Time Tempe rat ure 
Run Nurher: Cleaning ~olution~ 

T-7 (7  runs) 

W-7 (14 r u n s )  

(l1r) ( "c )  
41 95 -100 0.35 M arrirrionium oxa la t e  

0.35 M arrmonium oxa la t e  
5 w t  5 ~ 1 0 3  (in lower 3 ft of  v e s s e l  o n l y )  
0.35 ivi arriioni7xm o x a l a t e  
5 wt 5 Al(N03)3 ad jus t ed  t o  a pH of 3.5 with KOH 

5 w t  5 r 1 r ~ 3  - 5 wt $ ~ i ( ~ 0 3 ) 3  10 95 -100 

4 63 
3 25 
k 95 -100 
7 25 

TU-11 (21 r u n s )  

T-11 (29 runs) 

$10 c leaning  vas done 

0.35 M arrrnioniwn oxa la t e  
(6 Gashes) 

c .03  M Al(N0 )3 
0.1 M--LJ(NG~ 3 - 

- 0.01 M HN03 - c.1 M - 
(2  washes ) 

5 , l , l  wt $ RaOH, H202, sodium t a r t r a t e  
5,Z',2 wt $ NaOH, K202, sodium t a r t r a t e  

T-14 (40 r u n s )  0.3 M a m o n i m .  o x a l a t e  
(7 -~ashes ,  c i rc ; i la ted)  
(1 wash, s t a t i c ) -  

Cie t e rg e nt s o l u t  i oc 
(2  %rashes) 

0.1 M - ~ ( ~ 0 3 ) ~  - PH 3.5 

5-1-1 w t  $ NaOH, H202, sodium t a r t r a t e  

50-95 
25 

70 50-95 
50-95 

50-95 
25 
25 

20 25 

25 -80 { z; 80-95 
92.5 25 

80-95 
25-50 

i 25 

{ 1: 
10 

25 -80 1 1: 
{ 1;:; 50 

20 25 
a 

b 
Water r i n s e s  are no t  included i n  t h i s  t a S l e .  

Agproxirmtely 1 .25  lb of dishwasher de t e rgen t  i n  35'2 ga l  of -*Tater. 
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t h e  previous run. Af t e r  t he  meltdown, h e a t e r s  on t h i s  s e c t i o n  were 

turned  o f f .  The f e e d - s a l t  tran.;fer l i n e  w a s  heated t o  about 65ooc, and 

37.5-37.5-25 mole $ NaF-LiF-2rY4 

f i l l i n g  t h e  5-.i/2-i11. s e c t i o n  and p a r t  of t h e  c o n i c a l  s e c t i o n .  Af t e r  t'ne 

sa l t  t r a n s f e r ,  only the  cone, the  5-1/2-in.-diam sec t ion ,  and t h e  H F  l i n e  

were hea ted .  Anhydrous hydrogen f l u o r i d e  vapor w a s  int roduced a t  t'ne 

bottom o f  the  hydro f luo r ina to r  a t  40 t o  190 g/min. 

a 
w a s  charged t o  t'ne hydrof luor ina tor ,  

Unreacted ( excess )  HF 

w a s  recyc led  during Lhe d i s s o l u t i o n .  In most runs,  t he  remaining K F  i n -  

ventory w a s  d i scarded  a f t e r  t h e  run, and f r e s h  m a t e r i a l  wns charged for. 

the next  run ,  Commercial HF w a s  charged t o  the  system by d i s t i l l a t i o n  t o  

reduce the  s u l f u r  con ten t .  

t he  Appendix. A s  t'ne d i s s o l u t i o n  proceeded arid t h e  ZrF4 content  of t'ne 

s a l t  increased,  t he re  was a corresponding decrease i n  the  melt ing po in t  

Typical  HF ana lyses  a r e  given i n  Table 1A i n  

of  t h e  sa l t .  'The opera t ing  temperature of  t'he hydro f luo r ina to r  w a s  r e -  

duced to keep Yfle temperature about 5 0 ° C  above t'ne melt ing po in t  of  t he  

sa l t .b  Tnis w a s  done t o  reduce cor ros ion .  A f t e r  d i s s o l u t i o n  was corn- 

p l e t ed ,  t he  system w a s  sparged wi th  RF at l+O g/min f o r  2 h r  t o  dissolve 

m e t a l l i c  impur i t i e s  t h s t  might; cause pluggi-ng of t he  mol ten-sa l t  t r a n s f e r  

l i n e s .  

A salt f r e e z e  valve i n  the  t r a n s f e r  l i n e  between the  hydro f luo r ina to r  and 

The moltcn sal t  w a s  then sparged f o r  an hour wi th  N2 to remove HF. 

f l u o r i n a t o r  was then melted, and the  molten sal t  was t ransi 'erred t o  the  

f l u o r i n a t o r ,  l eav ing  only a srriall heel i f 1  t h e  hydro f luo r ina to r .  'The 

a 
The s a l t  w a s  p rev ious ly  p u r i f i e d  t o  about  400 p a r t s  p e r  m i l l i o n  

impur i t i e s  a t  Y - 1 2  p l a n t .  P r i v a t e  communication with E'. A. DOSS, June 3, 
1g61c. 

'TTrie i n i t i a l  mel t ing p o i n t  of t he  s a l t  was a,bout 610°C, and t h e  final 
was about 450. 
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hydrofl .uorinator furnace h e a t  and t'ne s a l t - t r a n s f e r - ]  i ne  a u t o r e s i s t a n c e  

h e a t  were shu t  o f f ,  and a f r eeze  valve was allowed t o  form i n  t'ne t r a n s -  

f e r  l i n e .  A summary of t y p i c a l  ope ra t ing  condi t ions  o f  t he  hydro f luo r i -  

n a t o r  i s  given i n  Table 3. 

Table  3. Typical  Hydrofluorina tor Opcrati  ng Conditions 

During Zirconium Processing 
__ -_x_I 

Typical  'I'ime 
-- Hydrof luor ina tor  _I Condition Required I per Run ( h r )  

a 
Heat up Lo 65O"C,  no s a l t  o r  HF 12 

A t  650°C without  sa l t  or H F  

A-t 650°C: w-ith s a l t  b u t  no HF 

A t  650°C with salt, HF and. Zr 3 
Cooling from 650°C t o  500°C with  s a l t ,  HF, and Z r  1.4 

A t  >0O"C w l t ' n  sa l t ,  H F  and Z r  4 

3 

A t  500°C with sa l t  b u t  no IiF o r  Z r  6 
Cooling from 500°C t o  100°C without  salt ,  HP, o r  Z r  20 

3 

4 

A t  500°C wi.th s a l t  and HF bu t  LIO Z r  

.--- 
a 

There was u s u a l l y  a s m a l l .  s a l t  h e e l  from the previous run .  

History of Hydrofluori  n a t o r  

The hydro f luo r ina to r  a.nd a s s o c i a t e d  l i n e s  were iiistal.l.ed new a t  t'ne 

s t a r t  of  t h e  zirconium program. Inconel  p ipe  (3/8 i n . ,  sched 11-0) was 

used o r i g i n a l l y  f o r  t h e  HE and sal t  t r a n s f e r  l i n e s .  After 'TiJ-6 (13 runs ) ,  

a crack,  caused by s a l t  expansion during hea t ing ,  developed i n  a I-2-in.-  

long INOX-8 adap te r  that, connec tcd the mnolten-sal.t, t r a n s f e r  l i n e  i o  t he  

hydrof:l.uoriuatoi- a t  the bottom o f  t h e  v e s s e l .  This adap te r  and t h e  one 

f o r  t he  HF inlet liiie were rep laced  i q i t l i  3-in.-l.ong adap te r s .  A f t e r  TU-? 

(14 T u p s ) ,  the Inconel  p ipe  on tiic 113' l i n e  had corroded severe ly ,  and 

t h i s  l i n e  and t h e  mol ten-sa l t  t r a n s f e r  l i n e  were rep laced  with 3/8- i  n.. 

sched-40 INOR-8 pipe .  A f t e r  r-un TU-8 (18 runs ) ,  pi-ping was modified,  and 
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the s a l t - t r a n s f e r  l i n e  between t h e  hydro f luo r ina to r  and f l u o r i n a t o r  w a s  

rep laced  wi th  1 /2- in .  sched-40 TNOR-8 pipe  ( t h e  l a r g e r  pipe s i z e  was used 

because of i t s  a v a i l a b i l i t y  a t  t h a t  time). 

thermocouple well and d i p  tube ins i d e  t h e  hydrof luor ina tor ,  which o r i g i  - 
n a l l y  extended t o  the  bottom of t h e  hydrofluorina, tor ,  were shortened so 

they  ext,ended only  t o  the bottom of  t h e  conica,l  s e c t i o n .  This was done 

t o  more eas i - ly  charge f u e l  elements i.nto t h e  lower s e c t i o n .  h f t . e r  T-11 

(29 runs ) ,  a c rack  was discovered between two thermocouple-weld beads 

about  an  inch above the  bo-Ltom o f  t h e  hydro f luo r ina to r .  The dis tr.i .butor 

p l a t e  and 1 4 -  i n .  of t h e  5-1/2-in. -OD s e c t i o n  d i r e c t l y  above were remo-ved 

and rep laced  wi th  a ne-w d i s t r i b u t o r  p l a t e  and a, 14- in .  s e c t i o n  of 5 - in .  

sched-40 INOR-8 pipe.  

were a l s o  rep laced  a t  this . t i m e .  

r ou ted  throu-gh a l a r g e r  c e l l  ho le  t o  a l low mare complete i n s u l a t i o n  o f  

t h e  line; t h i s  e l imina ted  cold spo t s  i n  the autores i s lance-hea ted  l l n e  . 

A f t e r  TU-11 (21 runs) ,  t h e  

About 11 f t  of Yne I-IF l i n e  and mol t en - sa l t  l i n e  

Af t e r  TU-14, t h e  f e e d - s a l t  l i n e  was 

Hydro f 11x1 r ilia t o r Co r ros  ion  Me as u r  erne nt; s aid Re s u l  t s 

Wall -Pii c hie s s Measurements 

Hydrof luor ina tor  wal l - th ickness  nieasurements .were mad.e by a Vidigage 

i n  every in s t ance  except  a f t e r  40 runs. Tine Vidigage 1s an  ul t ra ,sonic  

measuri.ng i r i s  trument havFng an  accuracy o f  aboat  kl$. It measures t h e  

predominant, wall th ickness  ( n o t  s p a r s e l y  l o c a t e d  p j - t s )  and was used t o  

i n d i c a t e  t'ne l o s s  o f  bu lk  metal .  'This method r equ i r ed  placi.ng a probe 

agai-nst  t h e  su r face  t o  be measured a n d  t h e r e f o r e  was usable only  when 

access  was poss ib l e ,  such as du-ring nonradioact ive runs o r  a f t e r  v e s s e l  

decontamination. 

A f t e r  '7 runs,  Vidigage measurements were iiiade of  Yne hydrofluori .nator 

before  and a f t e r  it w a s  c leaned wi th  an  a.luminixn n i t r a t e - n i t r i c  a c i d  
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so lu t ion ,  which caused. only- n e g l i g i b l e  co r ros ion  .2 The v e s s e l  w a s  

c leaned p r i o r  t o  Vidigage readings taken a f t e r  7, lb, and 29 runs .  

:Ioweve:r, no c leaning  vas done p r i o r  t o  the  w-all-thickness measurements 

made a f te r  21  runs .  

A f t e r  40 runs,  the hydrof"l.uorinator was only p a r t i a l l y  decon-taminated, 

and wal l - thickness  measurements were made w i t ' ?  the u l t r a s o n i c  pulse  -echo 

procedure o r i g i n a l l y  developed f o r  tile Homogeneous Reactor Tes t  $.ii-th 

t h i s  method, a crystal t ransducer  was p laced  j-nside t h e  hydro f luo r ina to r ,  

whi-ch was f i l l e d  wi th  w-ater t o  couple Yne t ransducer  t o  t h e  .?Tall. The 

t ransducer  emi t ted  u l t raso i i ic  pu lses  t h a t  produced. r eve rbe ra t ion  i n  'die 

v e s s e l  w a l l  a t  a po in t  oppos i te  t h e  t r ansduce r .  ?'he t i m e  between pulses  

from these  r eve rbe ra t ions  i m s  measured by an  e l e c t r o n i c  ga t ing  f : i rcu i t  

and counter  and was converted d i - r ec t ly  l n t o  w a l l  Vnickness. This rnet,hod 

also i nd ica t ed  predominant wall t h i ckness .  An es t ima te  of -the e r r o r  of 

the pulse-echo system, based on time cons tan ts  i n  t h e  e l e c t r o n i c  c i r -  

c u i t r y ,  i s  53.3% f o r  1 /4- in .  ma te r i a l  and ?;i.5$ f o r  1/2-i.n. ma te r i a l ;  

however, t h e  e r r o r  could be as h igh  as The v a r i a t i o n  o f  duplricate 

measurements taken i.n t h e  3/8-in.  l a r g e - c y l i n d e r  s e c t i o n  of  t he  hydro- 

f l u o r i n a t o r  i s  shown i n  F ig .  1A i n  the Appendix. These measurements 

have a. niaximum v a r i a t i o n  o f  5 mils o r  1.3$ of t he  wall thicki less .  

Illhe pulse-echo method was p a r t i c u l a r l y  su i - ted  t o  t h e  hydrof luor ina-  

t o r  sin-ce measurements coul ri be mad? throiugh t h e  fuel-element-charging 

l i .ne from a low-radia t ion  background area. ?"ne inslmrnent  could be ad-  

justed to measure th ickness  of  t'ne v e r t i c a l  wa1l.s and t h e  60" coni.cal 

s e c t i o n .  A l s o ,  illis method d i d  not  requi-re i n s u l a t i o n  removal f o r  access  

t o  t h e  vessel, a i iecess i ty  w?.'h Vi-digage measureriieiits . 



I n  a d d i t i o n  t o  wall-thi .ckness measurerflents of the hydrof luor ina tor ,  

d a t a  on metal  l o s s e s  were obta-i t-led by mTcrometer measurements of 3/8- in .  

sched-40 T P J O R - ~  ti.ier~uiocou-ple and ri.nstrument l i n e s  removed from Yne hydro- 

f l u o r i n a t o r  a f t e r  21 runs .  4J6 These two l i n e s  extended the e n t i r e  l eng th  

of t he  v e s s e l .  ?he 1-in.-OD sec t ions  of  Yhe l i n e s  l o c a t e d  i n  t he  con ica l  

s e c t i o n  ( see  F ig .  1) were no t  measured s ince  t h e  o r i g l n a l  diameters  were 

not; accu ra t e ly  known. However, t hese  s e c t i o n s  showed no s igns  of abnormal 

cor ros ion .  

I n  genera l ,  t he  hydroflu-or inator  was d.ivi.ded i n t o  fou r  a reas  for 

corros ion  study, as follows: (I) The upper cy l inde r  (24- in .  OD wi th  a 

3/8-in.  --Lhick wall) ,  which was exposed l a r g e l y  t o  vapor and sa l t  splash 

and vas opera ted  a t  a gene ra l ly  lower temperature than t h e  r e m i n d e r  of 

t'ne ves se l ;  ( 2 )  t h e  con ica l  secr:ti.on (1 /2- in .  wall), which ifas t h e  normal 

i n t e r f a c e  a r e a  and was t h e r e f o r e  exposed. t o  both vapor and sal t ;  (3 )  the  

upper 94 i n .  of t he  5-1/2-in. -dj.m. s e c t  ion (l/j-L-in. wall), which was 

nomj.ally f i l l e d  with s a l t  and which he ld  the  fuel elements during d i s so -  

l u t i o n ;  and ( 4 )  -the lower 114- i n .  o f  the 5-1/2-in.-OD sec t ion ,  which wa,s 

replaced a f t e r  29 rims and which h a d  shown somewlia,t h igher  cor ros ion  r a t e s  

than the  remainder of t h e  5-1/2-in.  -dia,m s e c t i o n .  

Table  4 show:; t'ne maxirnwn and average wal l - thickness  l o s s e s  and 

corros ion  r a t e s  based on ID' exposure and mol ten-sa l t  res idence  time f o r  

measurements made a f t e r  d i f f e r e n t  runs.  Note t h a t  i n  some runs measure- 

merits were made i n  only  one quadrant and for  only  cer ta i -n  po r t ions  of t h e  

v e s s e l  due t o  i n a c c e s s i b i l i t y  of c e r t a i n  a r e a s .  The t a b l e  shows only the  

a 

-~ ~~~~ ~ 

a Corrosion r a t e s  based 011 molten sa l t  exposure time inc lude  the  
per iods  during which HF w a s  p re sen t  i n  t'ne system. 



14 

Table 4.  Wall-Thickness Loses in the  Hydrofluorinator During 
Zirconium Processing 

- 0.10 - 2il. Y .... 9 

1 n 11.1 3.0.;:' 'I. r! . f- i .o 

T2.0 3.12 0.CiClt 11.8 
... ....... . ___ 



gross  l o s s  and does not  incl-ude o t h e r  a t t a c k ,  such as p i t t i n g  01- cracking, 

which will be d iscussed  l a t e r .  Since t h e r e  was from 10  t o  20 m i l s  o f  

v a r i a t i o n  i n  wall th ickness  of  t he  same nominal-size m a t e r i a l  used i n  the  

hyd . rof l imr iaa tor  w a , l l ,  t'nicliness losses  vere determined by subt rac t i .ng  t'ne 

f i n a l  value from the i n i t i a l  thickness  mezs ured a t  approximately the  same 

poj.nt. Figure 2 i s  a p r o f i l e  o f  t he  gross metal loss  a f t e r  40 runs .  A 

p r o f i l e  of the  loss  a f t e r  29 runs i s  gtven in Fig .  2A i n  the -4ppendix. 

A f t e r  40 runs,  t he  24-in.-diam c y l i n d r i c a l  and con ica l  s e c t i o n  had a 

maximum th ickness  loss  (excluding p i t s  o r  c r a c k s )  of  25 m i l s  and an average 

a t t a c k  of about  h a l f  t he  maximum. The small c y l i n d r i c a l  s ec t ion ,  exclud- 

ing the  bottom 14 in., had a comparable loss, wi.th a rnaxi.rflum of 21 m i l s  and 

an average of  10.3. I r i  t'nis s ec t ion ,  tlne maximum corrosi.on r a t e  sirice 

the  fou r t een th  rim appears  t o  have reached a r a t e  of  about 0.021~ mil/hr ,  

based on HF exposure, and 6.7 mifs/month based on s a l t - r e s i d e n c e  t ime.  

Measurements made of t h e  3/8-in. inst rument  l i n e s  removed a f t e r  21  runs 

agree w e l l  wi th  t h e  above r a t e  (excluding the bottom 6 i n . ) .  Corrosion 

r a t e s  measlured a t  var ious  t imes showed more v a r i a t i o n  j.n t he  cone and 

l a r g e  c y l i n d e r  than i n  the  s m 9 l l  cylinder, poss ib ly  because of t h e  srmller 

nimiber of readings taken i n  those  a r e a s .  However, a maximum rate of about 

0.028 mi l /hr  of  I-IF exposure and 8.1 mil{nion-th of s a l t - r e s i d e n c e  time 

appears f a i r l y  c o n s i s t e n t  wi th  previous measurements i n  the  cone and l a r g e  

c y l i n d e r  s i n c e  the  fou r t een th  run.  The maxirfium cor ros ion  r a t e s  for  t h e  

hydro f luo r ina to r  a f t e r  40 runs a r e  given i n  Table 5.  

Corrosion of  t h e  bottom I l k  i n .  o f  t he  hydrofluori.nator m m t  be con- 

s i d e r e d  i n  t w o  parts s i n c e  t h e  o r i g i n a l  bo-ttorri was rep laced  a - f t e r  29 runs .  

Measurements taken of  the  lower 14 i n .  of t h e  o r i g i n a l  bottom a f t e r  7 and 
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Table 5. Maximum Corrosion Rates i n  the  Hydrofluorinator  

Af t e r  40 Runs 

Corrosion Rate 
TI i c :me s s 

Lo c a t 1 on ( m i l s )  exposure ) sal t  exposure ) 

(mils / h r  (mils /month 
of  molten- Loss of HF 

2lc-in. -OD s e c t i o n  25 0.028 8.1 

Go n i c  a1 s e c t ion 25 0.028 8.1 

5-1/2-in. -OD s e c t i o n  21 0.023 6.8 

Bottom 14 i n .  of 5-1/2-i.n.-OD 2 7 0.14 38.0 
(excluding bottom 14 i n . )  

sect ion" 

a 
Corrosion measurements a r e  given for  the  replacement bottom, which w a s  
i n s t a l l e d  a f t e r  TU-11 (used. for 11 runs). 

11-1 runs i nd ica t ed  cor ros ion  rates comparable t o  those f o r  t h e  upper por- 

t i o n  of  the  sect ior i .  After 21 runs, the  lower s e c t i o n  showed a max-imum 

a t t a c k  of 18 mils (0.036 mil/hr of  HF exposure),  corIpared wi th  a ma.xlrnum 

of 13  m i l s  (0.026 mil /hr  of  HF)  for the upper p o r t i o n .  An instrwnent  l i n e  

removed a t  t h i s  time showed a maxinim wal l - th ickness  l o s s  of 50 mils (0.10 

mil/ 'nr of HF) a t  a l o c a t i o n  about 1-1/2 i n .  above t h e  distr . i .bii tor plate  

(F ig .  3 ) .  

l o s s  o f  26 m i l s  (0.05 mi l /hr  of' RF) a t  about  the  same l o c a t i o n .  

corrosi.on occurred i n  t'ne . v i c in i ty  of  a c l i p  t h a t  he ld  .the l i l i e s  a g a i n s t  

t he  vessel w a l l .  The h igher  cor ros ion  r a t e  at, t h i s  l o c a t i o n  w a s  apparent ly  

due t n  turbulence of  t he  HF-salt  mixture a t  t h a t  p o i n t  s ince  the upper 

s e c t i o n  of t h e  l i n e  showed only rioiiiial l o s s e s .  

A thermocouple we l l  removed a t  t h e  same time showed a maximum 

This 

Vidigizge measurements ta,ken on t h e  bottoni LLI- i.n. o f  t h e  l iydrof luor i -  

nator af ter  29 runs were corriplicnted by corrosj.on o r  the ou t s ide  surface, 

where s a l t  had leaked  through t h e  cracked w a l l .  S a l t ,  i n  I31.e presence of 

a i r ,  lis mo:re co r ros ive .  I n  a r e a s  where no e x t e r n a l  a t t a c k  occurred,  t'ne 
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Fig .  3. Corrosion of a n  Instvwnent Line  Removed From the  Bottol11 

of t h e  Hydrof luor ina tor  A f t e r  Wenty-one Runs. 



v e s s e l  showed only t'ne normal co r ros ion  rate, with. a maxi.mum loss  of 18 

m i l s  (0.026 m i l / h r  of IIF). 

m s  a maximum l o s s  o f  69 m i l s  (0.10 mil/hr of  HF). 

However, where e x t e r m 1  a t t a c k  occurred t h e r e  

The replacement bottom f o r  t he  hydro f luo r ina to r  was made of > - in .  

Wall- sched-4-0 I N G R - 8  p ipe  and w a s  i n  use from run 30 through run 40. 

thicki iess  l o s s e s  i n  this  area a f t e r  11 runs Tmriecl from negati-ve values 

t o  a maximurn lo s s  of  27 m i l s  (0.14 mll/hr o f  HE') and an average l o s s  of 

8 .'( m i l s  (0.045 mil /hr  of HF) . 'This was mlncli h ighe r  than t h e  rates f o r  

o t h e r  parts of t h e  hydro f luo r ina to r  during Ynat per iod .  However, .there 

w a s  a 28-mil v a r i a t i o n  i n  the th ic lcmss  of t h e  o r i g i n a l  wall. of  t h e  r e -  

placement sectlion, and, -t'nis, a long wi th  '% poss ib l e  instruii1en.t e r r o r  of  

as much as ?LO$ (25 mils), could a,ccount f o r  a large part o f  t h e  unusual ly  

hi.& rate i - r i  t h i s  sectton. 

Since the  rmximim b u l k  metal. loss f o r  most of  .the hydro f luo r ina to r  

w a s  l e s s  than 28 m i l s ,  the p o s s i b l e  iI?.stru.rfient e r r o r  and s l i g h t  v a r i a t i o n s  

j.n the l o c a t i o n  o f  the points measured. could resul t  i l l  an  e r r o r  that was 

a signi.f?:.cant f r a c t i o n  of tine total- loss (althougti t ~ i e  p r e c i s i o n  of t'ne 

measurements seemed good).  However, Ynese e r r o r s ,  based on the ~ m , 1 1  

thLckxess renitzining, are muxh smaller. Curves of  the o r i g i n a l  ~ a 1 1  t'nlick- 

ness  of  t he  1iydrofluorina:tor a t  3- in .  i n t e r v a l s  v e r t i - c a l l y  from top -to 

bottoin, s ta r t l ing  a t  t'ne top head weld a r e  given f o r  t h e  nor th ,  south, 

e a s t ,  and west quadrants  i n  Figs. 3A through 6A (Appendix). 

wall t 'nickness remaining (excl-uding p i t s ,  c racks ,  o r  i n t e r g r a n u l a r  cor ro-  

s i o n )  a t  the  end of 40 runs Fii  t he  large cylin-der wi th  i t s  noriiirial 3 /8- in .  

w a l l  (excluding the t o p  c o n i c a l  head, which vas no t  measured.) w a s  0.370 i n  

The c o n i c a l  s ec t ion ,  w i - t h  a nomi-nal 1./2-j.n. wall, had a minimum th ickness  

of 0.476-in.  

The minirnih- 

The upper s m a l l  cy l inde r ,  w i t h  a n.omi.nal th ickness  of 
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1 /4- in . ,  had a minimum o f  0.233 i n .  

cy l inde r ,  which had a noiiiinal th ickness  of  0.272 i n . ,  had I, rninjmum of  

The lower ll+ i n .  o€ t'ne small 

0.257. I n  a l l  areas, t he  maximu.m l o s s e s  (excluding p i t s  o r  c r i c k s )  was 

less than  10% of  the o r i g i n a l  w a l l  t h i ckness .  

A i r  Oxidation o f  INOR-8 
I - 

Tke r a t e  of  oxid-ation ol" 1iuon-8 i n  a i r  i s  of i n t e r e s t  s i n c e  t'ne 

e x t e r i o r  of t h e  hydro f luo r ina to r  was exposed t o  a i r  a t  hi.gh temperature 

(about 650°C) f o r  long times. 

I n s t i t u t e  (BMI) i n  which INOR-8 specimens were exposed t o  a i r  a t  '(00°C 

S-tudies were made a t  B a t t e l l e  Memorial 

f o r  2000 

w a s  a no t i ceab le  amount of f l a k h g  of t h e  oxide s c a l e .  While tine oxida-  

t i o n  rate f o r  t h e  hydro f luo r ina to r  has not  been measured s e p a r a t e l y  (any 

me'ml l o s s e s  would have been included i n  wal l - th ickness  l o s s e s  ), t'nere 

w a s  no no t i ceab le  f l a k i n g  of tile e x t e r i o r  wheLi the hydro f luo r ina to r  was 

examined a f t e r  run T-11 (29 rum). 

Corrosioii of  INOR-8 by Aqueous Cleaning So lu t ions  

A cor ros i~on r a t e  of 1 . 6  mils/mon-ih was obta ined .  'F'nere 

Three types o€ aqueous solu'Lions were used i n  c leaning  %he hydrro- 

f l u o r i n a t o r  system a t  var ious  times during t h e  zi-rconiwn program (Table 2 ) .  

fhnonium oxa la t e  s o l u t i o n s  (0.3 -io 0.35 M) were used f o r  s a l t  removal.; 

n i t r i c  a c i d  (0.01 t o  0.8 M )  aluminum n i t r a t e  (0.01 t o  0.24 M )  was used as 

a c o n t r o l l e d  corrodent  f o r  removing m e t a l l i c  s c a l e ;  and 5-1-1 and 5-2-2 

w t  $ sodium hydroxide-hydrogen peroxide -sodium t a r t r a t e  s o l u t i o n s  i.iere 

used as complexi ng s o l u t i o n s  t o  remove back-absorbed a c t i ~ v i t y  (maimly 

106 

- 

- - 

Ru). Both Vidigage and l abora to ry  s t u d i e s  were made -to determine t h e  

amount of hydro f luo r ina to r  cor ros ion  a.Ltrihirtable t o  c leaning  s o l u t i o n s .  

Previous experience w i t h  armnonlum oxa la t e  s o l u t i o n s ,  such as t'nose 

used. i n  c leaning t'ne hydrof luor ina tor ,  showed them i o  have a negligi-hie 
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e f fec - t  on INOR-8, and no f u r t h e r  s t u d i e s  were done with ammonium oxalate 

s o l u t i o n s .  A f t e r  run T-7, Vi-digage wal l - th ickaess  measurements were 

made before  and after the  hydro f luo r ina to r  was cleaned f o r  10 h r  wi th  

b o i l i n g  5 w t  $ HNO --5 w t  % ai(no,) 

wall-.t:nickness change, w i th in  the accuracy of .the instrument .  

8 

s o l u t i o n .  Viere was n e g l i g i b l e  
3 .3 3 

2 

Laboratory cor ros ion  s t u d i e s  were conducted a t  EMI i n  which INOR-8  

was exposed to a l t e r n a t i n g  cyc les  of b o i l l a g  0 . 1  N A l ( N 0  } -4.01 N HNO - 3 3  - 3  

and 5-2-2 w t  

l a r  t o  t h a t  rece ived  by t,he h y d r o f l u ~ r l n a t o r . ~  

NaOH- H202-NaC H 0 a t  room temperature,  an exposure s i m i -  2 11. 6 
Corrosion r a t e s  Trom 

0.009 t o  0 .O5h mil/month were measured for J I IOR-~  in t he  caus t ic -peroxide-  

t a r t r a t e  solution. The aluminum n i t r a t e  - n i t r i c  a c i d  mixture gave r a t e s  

up to 11.5 mils/month durlng t h e  f irst  3 h r  o f  exposure, bu t  t'ne r a t e  

decreased to less  than 3.1 mils/month a f t e r  19 hr,  and to 1 . 5  mi ls / ronth  

a f t e r  84 h r .  The cumu.lative cor ros ion  r a t e  ?or t h r e e  aluminum n i t r a t e -  

nritri.c a c i d  cyc les  (120 h r )  and two c a u s t i c - p e r o x i d e - t a r t r a t e  cyc les  

(40 h r )  was l e s s  than 0.89 mil/rnonth. 

Based on the  l abora to ry  da ta ,  t he  wal l - th ickness  loss  from the  hydro- 

f l u o r i n a t o r  due t o  t h e  c leaning  s o l u t i o n s  used during t h e  zlrconium 

program w a s  es t imated  t o  be l e s s  than  1 m i l .  

Surface Attack on t h e  Hydrof luor ina tor  Walls 

Surface a t t a c k  i n s i d e  the  hydrof luor ina tor ,  such as p i t t i n g  and 

cracking,  was observed by s e v e r a l  methods during the  zirconium program. 

A t  t h e  end o f  TU-7 (14 runs ) ,  p i t -dep th  rrieasurernents were made i n  the  

e n t i r e  v e s s e l  by gamia radiography %nd i n  the  24-in.  -diam s e c t i o n  by 

r e p l i c a t i o n  w i t h  d e n t a l  wax. 3'10 

revea led  only t h r e e  a r e a s  of p i t t i n g .  One was a,bout 2 - in .  i n  diameter,  

l o c a t e d  about 3 ft down from the  t o p  of t h e  21l-in.-diam sec t ion .  

Gamma radiography wi th  a 1g2Zrs0urce 

This 
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a r e a  had p i t s  wiLh a depth up t o  7.5 m i l s .  'The o t h e r  two a reas  t h a t  

showed p i t t i n g  a t t a c k  were i n  the  c o n i c a l  sect,i.on about  6 i n .  below Lhe 

t o p  of  the cone. These p i t s  had a maximum depth of  10 m i l s .  

Wax impressions capable of showing 0.l-rnLL i r r e g u l a r i t i e s  were a l s o  

made i.i? the 2k-in.-diam s e c t i o n  a f t e r  14 rims. 

firmed t'ne presence o f  p i t s  i n  t h i s  s e c t i o n .  The maximum p i t  depth found 

w a s  8 m i l s .  Many o t h e r  p i t s  were fo.utid, varying from 0.5 t o  5 .5  m i l s  

deep. Wax impressions were not  made i n  t h e  c o n i c a l  o r  5-l/2-in.-diarn 

s e c t i o n s .  Both t'rie wax r ep l i - ca t ions  and ga,mma radiographs showed t h e  

welds t o  be i n  good cond i t ion .  

These impressions con- 

Metallography of the  instrument  l i n e  and thermocouple wel l ,  removed 

from the hydro f luo r ina to r  a f t e r  221 runs,  revea led  t h a t  tiit. surfr ,ce exposed 

i.n t he  vapor s e c t i o n  was s l i g h t l y  roughened, wi th  -the grai.n boundary show- 

ing  more s t t ack .  than  t h e  g r a i n .  The metal. exposed t o  the  inber face  

reg ion  was very rough, .while t h a t  exposed t o  s a l t  was very smooth. Only 

one loca t ion ,  about 8 i n .  below t h e  t o p  of t'ne hydrof luor ina tor ,  showed 

intergranul .ar  co r ros ion .  "he conclusion reached froiii t h e  met,allographic 

studi-es o f  t hese  l i n e s  w a s  t h a t  t h e  INOR-8 l i n e s  were no t  s e l e c t i v e l y  

a t t acked  by the hydro f luo r ina to r  environment. Additional- information on 

hydro f luo r ina to r  su r face  a t t a c k  w a s  ob ta ined  from t h e  rnetal.lurgica1 exami- 

na t ion  of t h e  bottom s e c t i o n  removed a f t e r  29 r ims.  This w i l l  be discussed 

i n  the fol lowing s e c t i o n .  

6 

Per iod ic  observa t ions  of  t'rie i n s i d e  of the hydrof luor ina toy  were 

made wi th  a Questar tel.escope (40 t o  80 power) and a n  Omniscope (a low- 

magni f ica t ion  per i scope)  t o  look f o r  a r e a s  o f  h igh  cor ros ion .  

Observations were usua l ly  made a f t e r  t h e  system had been cleaned t o  remove 

t'ne sa l t  f i l m .  A t  the  end o f  t h e  11-0-run zirconium program, the  i n s i d e  

'Pnese 



su r face  of  t h e  5-1/2-in.-diam s e c t i o n  and. t h e  lower p a r t  of' t'ne cone see-  

tion were inspected..  This  w a s  done wi th  a Questar t e l e scope  and mi r ro r s .  

A few p i t s  were seen  i n  t h e  5-1/2-in.-dLqarn sec t ion ,  such as tine one shown 

i.n F ig .  4. 

diameter  o r  20 m i l s  deep. Seve ra l  sml l  fi:;:;ures were seen  i n  the c o n i c a l  

s ec t ion ,  running upward from the lower weld. These f5.ssures (F ig .  5 )  were 

e s t ima ted  t o  be no t  more than  10 mils wide, and they  d i d  no t  appear  .to be 

very  deep. 

in good cond i t ion .  No a r e a s  of extens ive  p i t t i n g  o r  c racking  were seen.  

Examination o f  t h e  Lower 1 7  inches o f  t he  H;ydrofluorinator 

The l a r g e s t  p i t  was es t imated  t o  be no more than  20 mils i n  

Welds i n  t h e  lower p a r t  o f  t h e  hydxof luor ina tor  appeared -to be 

A f t e r  run T-11 (29 runs ) Yne hydro f luo r ina to r  w a s  decontaminated, and 

a visixal i n spec t ion  vas made o f  t h e  e x t e r i o r .  This examination revealed. a 

sal't l e a k  i n  t h e  5-1/2-in.-OD s e c t i o n  of  t h e  v e s s e l  j u s t  above the  g i r Y n  

weld j o fn ing  the d i s t r i b u t o r  p l a t e  t o  t h e  5-1/2-i.n. s e c t i o n .  The crack, 

shown i n  Fig. 6, occurred  i n  t h e  hea t - a f f ec t ed  area o f  two s t a i n l e s s - s t e e l -  

sheathed therrnocouple weld beads . ?'he leakage was through two i n t e r s e c t i n g  

c racks .  The h o r i z o n t a l  c r ack  was 1-1/8 i n .  long  and w a s  Located between 

t h e  thermocouple heads and t h e  g i r t h  weld a t  t h e  d i s t r i b u t o r  p l a t e .  The 

v e r t i c a l  c r ack  was 3 / 8  i n .  long and was between t h e  two thermocouple heads.  

Both c racks  were i n t e r g r a n u l a r  and appeared t o  have o r i g i n a t e d  a t  t h e  ex- 

t e r i o r .  Only a small quant i - ty  of s a l t  had leaked  through t'ne crack. and 

covered about  a 6-in.-d:i.ani. c i r c l e  on t h e  e x t e r i o r .  The ex ter i -or  of t'ne 

hydro f luo r ina to r  and t h e  thermocouples i n  t h e  area of t h e  l e a k  were s e v e r e l y  

corroded, as i s  norrnal wi.th metals i n  c o n t a c t  wi th  molten f l u o r i d e s  i.n a i r .  

Since thermocouple f a i l u r e  occurred  duri-rig run R-1 ,  presumably t h e  c rack  
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Fig. 4. A P i t  Observed in 5-I/2-in.-OD Section of the Bydrofluor- 

inator After Forty Runs. 

Fig. 5. Fissure in the Conical Sec t ion  of the Hydrofluorinator 

After For ty  Runs. 
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a l s o  occurred then,and the  s a l t  s e a l e d  t h e  c rack  s u f f i c i e n t l y  t o  permit  

cont inued ope ra t ion .  

The lower 17 i n .  o f  t h e  hydrofluorj .nator  was removed f o r  meta l lurg-  

i c a l  examination.” No gross bulging w a s  found i n  t h e  bottom sec t ion ,  

and t e s t  spec?-mens removed from t h i s  s e c t i o n  showed no l o s s  o f  t e n s i l e  

s t r e n g t h  or b r i t t l e n e s s  of t h e  INOR-8. However, chemical ana lyses  i n d i -  

ca-ted that it, appa ren t ly  was from an  IN OR-^ h e a t  (SP-26) known Lo be  

s u s c e p t i b l e  to weld cracking .  Other i -n te rgranular  c racks ,  up t o  

65 m i l s  deep, were found on the  e x t e r i o r  su r face  below t h e  lower g i r t h  

weld. Apparently t h e  l e a k  resul ted.  from the  e f f e c t  o f  t h e  therrnocoixple 

bead welds and t h e  g i r t h  weld on substandard INOR-8, suscep t ib l e  t o  w e l d  

cracking.  

12 

Many cracks between 10  and. 40 mi.1.s deep were found on t h e  i n s i d e  

su r face  o f  t h e  v e s s e l  near  t he  l e a k .  These c racks ,  shown i n  Fig. 7, were 

c l a s s i f i e d  i.nto two groups.  ‘The first, cons i s t ed  of  c racks  perpendlcular  

o r  ad jacen t  t o  welds and were appa ren t ly  a s s o c i a t e d  wi th  weld s t r e s s e s .  

The second group contained h o r i z o n t a l  c racks  a l igned  i n  v e r t i c a l  rows 

througiiout; t h e  lower 12 i n .  of t‘ne v e s s e l .  The h o r i z o n t a l  cracks may 

have r e s u l t e d  from t h e  rolling opera t ion  used i n  f a b r i c a t i o n .  

An important a spec t  of  t h e  i n t e r n a l  c racking  i n  tiie lower s e c t i o n  of  

t h e  hydro f luo r ina to r  was Yrie possibi l . i . ty  t h a t  cracking extended i.nto the  

reiiiaining 5-1./2-in. -diam s e c t i o n .  Si-nee t h e  lower 9 f t  of  t h e  iiyd.ro- 

Cluor ina tor  w a s  made from f i v e  sepa ra t e  cy l inde r s  welded toge the r ,  i t  

w a s  poss ib l e  ‘chat t he  p a r t  examined w a s  no t  c h a r a c t e r i s t i c  o f  tiie e n t i r e  

5-1/2-in.-diam section. 

complete cy l ind r i ca l .  s e c t i o n  and about. a11 inch o f  t he  second one. While 

a chemical a n a l y s i s  showed t h e  two s e c t i o n s  t o  have t h e  same composition, 

‘Yhe p o r t i o n  of the v e s s e l  removed included one 
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If t he  



no cracking was s2en i n  t h e  upper s e c t i o n .  Furthermore, v i s u a l  cxami.aa- 

t i o n  o f  t he  reinaind-er of  t he  hydrof luor ina tor ,  using a Questar te lescope ,  

d i d  not  r e v e a l  ex tens ive  cracking such as w a s  seen i n  -the bottom s e c t i o n .  

The d i s t r i b u t o r  p l a t e  appeared t o  be i n  good condi t ion ,  and no areas 

of ex tens ive  cor ros ion  were seen by v i s u a l  exa,mination. A l l  d i s t r i h i i t o r -  

p l a t e  ho les  were open, and a11 holes  except  one were l a r g e  enough t o  

al.1ow a 0.234-in. d r i l l  bit ,  t o  e n t e r ,  bu t  none would pass  a 0.2'5-in. b i t .  

This i n d i c a t e s  t h a t  t h e  o r i g l n a l  0.188-in.-diam hole  had increased  i n  d i a -  

meter from 46 t o  62 m i l s  (a  sur face- th ickness  loss  of  23 t o  31 mils) dur-  

ing  t h e  29 runs. 

HF exposure, s l i g h t l y  h ighe r  than  t'ne gene ra l  cor ros ion  r a t e  of t he  v e s s e l .  

Corrosion of  Mol.l;en--Salt and H F  l i n e s  

T'his r ep resen t s  a cor ros ion  r a t e  o f  about  0.04 m i l / h r  o f  

Generally,  t h e  molten-salt ,  and HF p ip ing  i.ii t h e  system were exposed 

t o  l ess  severe  ope ra t ing  condi ti.ons than  the  hydro f luo r ina to r .  A poss ib l e  

except ion w a n  t h e  HF i n l e t  l i n e ,  which was hea ted  a t  a l l  t imes t h z t  molten 

s a l t  was i n  'che hydrof luor ina tor .  Molten sa l t  a s  wel.1 as RF was present  

i n  t h e  h o r i z o n t a l  po r t ion  of  t h e  hea ted  l i n e  near  t h e  hydro f luo r ina to r .  

The s a l t - t r a n s f e r  l i n e  between the  hydro f luo r ina to r  and f l u o r i n a t o r  w a s  

normally near  room tempera'cure except  when i-t was hea ted  f o r  making traiis- 

fero.  This w a s  done once each run and r equ i r ed  2 t o  I+ h r  t o  h e a t  t h e  l i n e  

t o  about  550°C t o  make the  t r a n s f e r .  APter t h e  t r a n s f e r ,  a small quan t i ty  

of  salt  w a s  allowed t o  f r eeze  i n  the  l i n e  near  t'ne hydrof luor ina tor  t o  

form a seal ( f r eeze  v a l v e ) .  

The f e e d - s a l t  t r a n s f e r  I-ine, a t t ached  Lo t h e  24-in.-diarn s e c t i o n  o f  

t he  hydrof luor lna tor ,  elso remained unheated except  during t r a n s f e r s .  

Feed-sa l t  t r a n s f e r s  were made ofice a run and r equ i r ed  hea t ing  the l i n e  



f o r  2 t o  4 h r  a t  about 650°C. 

remind-er  of  t h e  ti-ine t o  keep out H F  and rctdioactive m a t e r i a l .  

T'he l i n e  was purged wi th  ni-trogen t h e  

A rup tu re  occurred a f - t e r  TU-6 (13 r u m )  i n  t h e  1-in.-OD adap te r  a t  

the  ju.nc-Li.on between t h e  s a l - t - t r a n s f e r  l i n e  axid Yne bottcm of t h e  hydro- 

f l u o r i n a t o r .  'This was the a r e a  where the freeze valve  was formed. I n  

a d d i t i o n  t o  t h e  rup tu re  t b e r e  were many o t k r  cracks on the o u t e r  surface 

(F ig .  8 ) .  

i n t e r g r a n u l a r  and .L?ia.t t hey  or iginated.  on the ou t s ide ,  indica-Ling that 

they  were caused by- : s a l t  expan:; ion. A.pparently t h i s  w R r e s u l t  of 

salt mel t ing  i n  t h e  eent,ei- of ?,he f r e e z e  valve before t h e  s a l t  a t  eaxh  

end .  became m o l  n. The adapter was rep1 aced t emporar i ly  u n t i l  after TU-7, 

a t  which time 3 - i n .  -long adap te r s  were I.nsta1led i n  both the s a l t  t r a n s f e r  

and. ITF i n l e t  l i n e s  . The s h o r t e r  adapter allowed. more u:1:i..form hea-ting, axid 

no f u r t h e r  d i f  fi c u l t i e s  were experienced. Po:rtions of -t'riese 3- in ,  -long 

ad.ttpt,ers iJere exarmi.ned r e  ta1lographj~call.y a f t e r  they  had. been u s ~ d  f o r  1 5  

rims ( a f t e r  TI-1.1) and found. i n  good condi t i .on.  

Or ig ina l ly ,  a l l  t'nree au- tore~ls tunce-hea ted .  l i n e s  that en te red  the 

Metallography revealed. t h a t  t h e  ruptu-re and o-ther c racks  were 

1:: 

hydrof l .uor ina tc r  were m d e  of  3/8-in. sched-14-0 Inconel pipe.  

(111. rims) a l e a k  developed. i.n t he  IIF l i n e  about, 2 f t  from t h e  hydrof'1u.or-i- 

nator. Figure 9 shows a section of  p ipe  i n  which the leak occurred .  

Metallography re-vea,led t h a t  diromLum and irori had. been leached  from t h e  

lncoriel pipe i n  t h e  v i c in j - ty  of  tine leak. Leaching occurred a l l  a long .the 

1.3 p ipe  b u t  was less severe  a t  g r e a t e r  d i s t ances  f r o 3  t'ne hydrofluori-nator .  

Thinning of  t he  p ipe  w a l l  by c o ~ r o s  ion  appa ren t ly  caused. 1ocali.zed over-  

hea t ing  ('(50°C rniaximwn temperature ) and even g r e a t e r  co r ros ion .  

After TU-'-( 

The 3/8- in .  sched-40 Inconel  pipe from t h e  s a l t - t r a n s f e r  l i n e  between 

the  hydro f luo r ina to r  and f l u o r i n a t o r  showed much less co r ros ive  a. t taek 
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Fig.  8. Cracking Due t o  S a l t  Expansion i n  an INOR-8 Adapter on t h e  

Hydrofluorinator  HF I n l e t  Line.  
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O u t s i d e  o f  p i p e  

+--i/4 i n c h  
Inside of p i p e  

Fig .  9. Corrosion of  Inconel  Pipe i n  the Hydrof luor ina tor  

I n l e t  Lir ie  . 
I-IF 



than  the 1%' l i n e ;  however, t h e r e  w a s  indicat i -on of metal l o s s ,  particu1.arl.y 

i n  the  areas c l o s e r  t o  t'ne v e s s e l s .  The incone l  p ip ing  in t he  t h r e e  au to -  

r e s i s t ance -hea ted  l i n e s  a t t a c h e d  t o  t h e  hydro f luo r ina to r  was rep laced  wi th  

INOR-8 pipe a f t e r  TU-7 (14 r u n s ) .  

After run T-11, corrosi-on measurements were made on both the  3/8- in .  

sched-40 INOR-8 HF i n l e t  l i n e  and t h e  1/2-S-n. sched-40 INOR-8 s a l t - t r a n s -  

f e r  l i n e  a t  t h e  bottom of  t h e  hydro f luo r ina to r .  

long  were removed from each l i n e  nea r  t h e  hydrof luor ina tor .  Wall- thickness  

measurements were made by Vidigage, and a m e t a l l u r g i c a l  examination w a s  

made by BMI. 

Sect ions  approximately 4 f t  

14 

The i n s i d e  su r face  of t h e  H F  l i n e  W&S roughened by cor ros ion  products  

t o  a, depth of  about  3 m i l s ,  and t h e r e  w a s  a t o t a l  wal l - th ickness  loss of  

6.1-1 m i l s  (based on an  o r i g i n a l  average wa1.l th ickness  of 82 . ) t  mils ) . 
Assuming t h a t  .the l i n e  had rece ived  the  sane HF and molten s a l t  exposure 

as t h e  hydro f luo r ina to r  dur ing  the  15 runs i n  which i.t w a s  used, t h e  

cor ros ion  ra te  was 0.018 mil /hr  of €E exposure and 6.5 mil.s/month of  

molten s a l t  exposure.  These r a t e s  are about t he  same as the  average cor ro-  

s i o n  rates i n  t he  hydro f luo r ina to r .  

The s e c t i o n  of  t h e  s a l t - t r a n s f e r  l i n e  removed a f t e r  run T-11 showed 

14 
no s i g n i f i c a n t  m e t a l l u r g i c a l  change and l i t t l e  su r f ace  roughening. 

Measurements of  microsect ions ind ica t ed  a 1- t o  3-mil wal l - th ickness  l o s s ,  

whi.le Vidigage measurements showed a 5- t o  8 - m i i  l o s s  (based on an or i -g ina l  

w a l l  t'nickness of 109 m i l s ) .  

approximately 62 h r  of molten s a l t  exposure, while  the l i n e  w a s  hea ted  f o r  

sa l t  t r a n s f e r s .  

This corros ion  occurred duri-ng 11 runs o r  
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Corrosion Measurements by Chemical Analyses 

Metal loss  from t h e  hydro f luo r ina to r  wall during t h e  f irst  1 4  runs 

vas  determined by ana lyz ing  t h e  salt, t r a n s f e r r e d  t o  t'ne f l u o r i n a t o r  f o r  

t h e  major c o n s t i t u e n t s  o f  INOR-8. 
a 

Materi.al balances were made f o r  

n i cke l ,  i ron ,  chromium, and molybdenum. co r ros ion  rates based 011 t h e  

t o t a l  i n s i d e  su r face  o f  t h e  hydro f luo r ina to r ,  15-20 and HF exposure time 

are given i n  Table 6. 

Corrosion r a t e s  based on n i c k e l  and lnioljrbdenwn were lower t'nan r a t e s  

determined from Vidigage d a t a .  Nickel  p l a t e d  on t h e  v e s s e l  ~m,lls and w a s  

removed only  a f t e r  acid washes. S i g n i f i c a n t  amounts of  molybdenum were 

seldom found i n  t h e  process  streams considered i n  the  materiaJ ba lance .  

Corrosion rate de-terminations based on chromium and i r o n  were some- 

However, t h e  average ra, te of 0.041 mil /hr  wha:t e r r a t i c  from run t o  run .  

of HE' exposure, based on chromium, and 0.052 mi l /hr  HF exposure, based on 

i ron ,  a r e  i n  f a i r  agreement wi th  Vidigage rates taken af ter  14 runs ( see  

Table 4 ) .  

FLTJOIiINATOR C OF80S 1 ON 

Descri  pti on of F luo r i  na tor 

"he V o l a t i l i t y  P i l o t  P l a n t  f l u o r i n a t o r b  lwas zbout ' I  f t  h igh  and was 

nmde from 3/8-in.  - t h i ck  Nickel  201 p l a t e .  

metal 61'. 

Welds were made wj th f i l l e r  

The upper and lower s e c t i o n s  of t h e  v e s s e l  were 16 i n .  i n  

o u t e r  diamter .  

shown i n  F ig .  10. Only t,he lover sectli-on contained s a l t .  The c e n t e r  and 

They w e r e  jo ined  by a 5-3/b--in.-OD c e n t e r  sectrion, as 

aNoniinal  composition of I N O R - 8  ( w t  9) i s :  7146 Mi, 16% 140, '($ Cr, 5% Fe. 

'Also c a l l e d  t h e  Mark I11 f l u o r i n a t o r .  

0.25% Cu, l . 5 $  Al, 2.0 t o  3.576 T i ,  0.155 C ,  0.'(5$ S i .  

C 
Nominal weld f i l l e r  metal 61 composition ( w t  %): 935 N i ,  1.0% Fey 
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'Tahle 6. E s t i m a t e  o f  Xydrofluorinator  Corrosion by Corrosion- 

Product Ma te r i a l  Balance 

Corrosion Rate" i n  mi l s /h r  of  HF Exposure, Based on 
Run the IN OR-^ Corrosion Products  Below 
NO. N i  Fe C r  Mo 

T -1 

T -2 

T-3 
'I' - l+ 

T-5 

T-6 
T-'/ 

Average 

TU -2 

Tu-3 

TV - 4- 
Tu-5 

TU-6 
TU - '-[ 

Average 

0.003 

b 

< 0.001 

0.009 

< 0.OOlc  

0.004 

0.013 

- 
0.003 

0.009 

0.004 

< 0.005 
0.006 

0.013 

0.007 

0.073 

0.044 

0 * 033 

0.031 

0.091 

0.041 

b 

0.051 

0.118 

0.045 

b 

0.083 

0.052 

b 

< 0.012 

0.036 

0.031. 

0.026 

0.030 

b 

0 .02'.7 

0.OlV( 

0 -097 
b 

0.041 

b 

0 - 077 
0.041 

C 

C 

C 

C 

C 

< 0.004 

0.013 

C 

0.0 

0.009 

< 0.005 

0 .02 J ~ L  

0.002 

a 
Corrosion r a t e s  a r e  based on tile e n t i r e  i n s i d e  sur'€ace area of t h e  hydro- 
Yluori nator . 

bMater ia l  balances were nega t ive .  
C 
Not determined. 
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MOVABLE BED ABSORBER 
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SAMPLE L INE (ALTERNATE) 
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HEATERS - 

,VESSEL SUPPORT 

CORROSION-SPECIMEN NO ED NOZZLE 

THERMOCOUPLE 

WASTE-SALT OUTLET - 
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MATERIAL (4417 OD) 
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TREPANNED SECTION 
(4-in diam) ~ 

DRAFT TUBE - -  - 

WELL 

--FLUORINATION CHAMBER 
( 16-in. diam) 

'INE INLET 

Fig.  10. Vola t i l . i ty  P i l o t  P l a n t  Fluorinator, Mark 111. 



upper sec t ions  were de -entrainment regions f o r  remo.virig s o l i d s  from the  

gas stream t h a t  was discharged t'nrough t h e  5 - i n . d i a m  pipe a t  t h e  t o p  

of the  vessel. The c e n t e r  s e c t i o n  formed a s h e l f  above the  lower s e c t i o n ,  

through which p ip ing  and s i x  l/h-in.-dj.arn co r ros ion  rods en te red  t h e  

v e s s e l .  

The lower s e c t i o n  contained a d r a f t  tube t h a t  provided i.ntirnat,e 

con tac t  between s a l t  and f l u o r i n e .  F luor ine  w a s  introduced i n t o  the  

bottom of t h e  d r a f t  tube  through a 1 /2 - in .  sched-80 nickel p ipe .  Waste 

s a l t  w a s  removed Prom 'the f l u o r i n a t o r  through a second. 1 /2 - in .  sched-80 

n i c k e l  p tpe  t h a t  extended t o  t n e  bottom o r  t h e  v e s s e l .  S a l t  samples .were 

taken through a 1 - i n .  sched-40 Inconel  pipe t h a t  en te red  the  va.por 

space i n  t h e  upper s e c t i o n .  An air-operated.  v i b r a t o r  was at, tached t o  

.this l i n e  t o  a i d  i n  sampl.ing. Urani.um hexaf luor ide  product from the  

f l u o r i n a t o r  WRS c o l l e c t e d  i n  a movable -bed NaF absorber  connected t o  the  

5-in.-diam pipe a t  t h e  top  of the  v e s s e l .  

The lower s e c t i o n  of  t h e  f l u o r i n a t o r  w a s  hea ted  by a s ingle-zone 

furnace,  which could be rai-sed. and lowered. The c e n t e r  and upper s e c t i o n s  

were hea ted  sepa ra t e ly  by tu-bular e l e c t r i c  hea t ing  elements a t t ached  by 

c l i p s  tack-weld.ed t o  the v e s s e l .  Thesc s e c t i o n s  were covered wit'n i i isula-  

t i o n .  The temperature of t'ne v e s s e l  was measured by thermocouples a t t a c h e d  

t o  the  o u t e r  su r f ace  and by thermocouples i n s e r t e d  i n  a we l l  i n  the lower 

s e c t i o n .  

Ope ra t  ing Environment of t h e  F1 uo r i.na t o 1- 

The f luorj .aator  w a s  exposed t o  'ihe fol lowing environments d-uring the  

zirconium prograni: 

no f l u o r i n e  w a s  used (IT-series runs ) ,  ( 2 )  nonradioa,ctive runs 

(1) sal t  t r a n s f e r s  i n  which no uranium w a s  p re sen t  and 
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i n  which uranium was f l u o r i n a t e d  from t h e  s a l t  (TIS-seri-es runs ) ,  ( 3 )  r ad io -  

a,ctive runs with both 6-year- and 6- t o  13-iiionth-cooled elements (R-ser ies  

runs ) ,  and (4) fluorline purges of t he  empty v e s s e l  f o r  condi t ion ing  six- 

f aces  by- forming a, NiF f i l m  t h a t  reduced t h e  amount of  conversion of UE' 

t o  IJFlc a t  the walls. 

6 2 

Aqueous s o l u t i o n s  were occas iona l ly  used t o  c l ean  t h e  f l a o r i n a t o r  

f o r  i n spec t ion  o r  t o  reduce t h e  r a d i a t i o n  l e v e l .  Here, ammonium o x a l a t e  

s o l u t i o n s  (0.3 t o  0.35 M) were used t o  remo-ve s a l t  f i l m  from t h e  i n t e r i o r  
I 

su r face .  

aluminum n i t r a t e - - 0 . 0 1  M n i t r i c  a c i d  s o l u t i o n .  

Me ta l l i c  f i l m  was removed a.f-Ler T-11 (29 r u n s )  with  a 0.1 M - 
However, t he  use of  alum- - 

irium n i t r a t e  o r  n i t r - i c  a c i d  i n  t h e  f l u o r i n a t o r  was u s u a l l y  avoi-ded due t o  

t h e  h igh  co r ros ion  r a t e s  on Bickel  201 and weld f i l l e r  metal  61. Solu-  

t i o n s  of 5-1-1 arid 5-2-2 w t  $ s o d i m  hydroxide,  hydrogen peroxide and 

sodium ta r t ra te  were used t o  remove a c t i v i t y  from t h e  f l u o r i n a t o r  su r face  

a f te r  r u r i ~  ?'-11 (29 runs) and T-14 (40 r u n s ) .  

The system w a s  u s u i l l y  kep t  under a d ry  n i t rogen  atmosphere wnen not 

i n  use. After e%ch c leaning  o r  cxposurc t o  a i r ,  the vessel  w a s  Tluorine-  

condi tioried t o  reform t h e  f l u o r i d e  f i l m  on t h e  inne r  s u r f a c e s .  Condi.tion- 

ing  was done by i-ntroduci-ng a d i l u t e  nii.xt;u.re of f l u o r i n e  i n  n i t rogen  sild 

slowly inc reas ing  t h e  f l u o r i n e  concent ra t ion  and temperature  I m t i l .  nornnal 

operatirig condi t ions  were reached. The ope ra t ing  condi t ions  f o r  t'ne 

f l u o r i n a t o r  dur ing  zircordiun process ing  are given i n  Table 7, and t h e  

cond i t ions  f o r  c leaning  t h e  v e s s e l  a n  given i n  Table 8. 

Typical  Operat ing Conditions 

The f l u o r i n a t o r  w a s  opera ted  on a ba tch  b a s i s .  It w a s  hea ted  t o  

ope ra t ing  temperature  j u s t  p r i o r  t o  t h e  s a l t  t r a n s f e r  from the hydro- 

f l u o r i n a t o r .  The lower seet i -on w a s  usually h e l d  a t  about  5OO"C, while  
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Table I. Fluorinator Operating Conditions Durj 'I% %irconi lm Processing 

Runa 
Des igiia 1, ion 

F2 condi t ion ing  
Sa l t -  t r a n s f e r  

_- 

s t Jc i ies  
'I-1 
T-2 
1-3 
Ti-4 
T-5 
T-5 
T-7 
F2 sparge t e s t  
TU-1 
TU-2 
yu-3 
TIJ - '4 
TU-5 
Tu-6 
TU-; 

T-8 
'1-9 
'Y-10 
TU-8 
'iU-9 
TI-10 
Tu-11 

Tu -12 
H-I. 
ii-2 
R-3 
K - 4  
R-5 
R - t )  
T-11. 

lV-13 
TU-14 
TU-15 
R- ( 
R - 8  
R-9 
R-3.0 
R-11 
T-12 
T-13 
T-14 

Molten F2 Rate 
S a l t  Conposi;ion P luo r ina t ion  S a l t  ( l i ters/m:n F luor ine  

, U Tempcraturc_(0& Sesidence a t  25'C Exposure 
...._.........I_ 

raDor Time (hr) and 1 atiii) 

31-17-52 
30-27-43 
31-26-43 
j0 -27 -4 3 
30-27-43 

2.f 27-46 
None 

34-26-40 

31-30-39 

30-27-h3 
30- 31 -39 
3'[-29-34 
29-29-42 
34-28-35 
30-30-40 

Total 

To 1 

2 0 - 2 2 - 9  
2 (-29-4j 
27-27-46 
28-32 -40 
28 - 32 -40 
29-31-40 
28- 32 -40 

2 3 .  

31-29-40 
27-25-11? 
2'(-27-46 
29-2-i-44 
28-27-44 
28-2y-45 
2>-29-46 
33-26-40 

Total. 

29-25 -46 
30-24-46 
37-24-41t 
31-23 -46 
30-25-45 
30-25-45 
31 -24 -45 
29-25 -16 
32-26-42 

e 
e 

Total  

4one 
NonP 
None 
None 
None 
None 
None 

0 . 3  

555-540 1"5-150 
570-545 1.80-1-50 
550-525 170-160 
515-485 340-325 
580-550 375-360 

505-580 350-3Lo 
573-535 520-495 

575-560 480-375 

505-500 360-350 
0.2 jC5-:00 460-440 
0 . 3  510-500 330-320 
0.5 j15-500 330-315 
0.2 510-500 360-325 
0 .3  505-500 360-340 
0.2 510-500 360-3L0 

69 4 
141 
202 
111 

54 
33 
60 
42 

0.3 
0.1 
0.2 
0 . 2  
0 .1  
0.1 
0.1 
0.03 

0 .  L 
0.2 
0.2 
0 .4  
0 .I2 

0 - 5  
0 .4  
0.3 
0.04 
None 
rJone 

505-495 
$75-510 

530 
520 
lc90 
515 

508-505 
500-505 

430 -430 
330-400 
390 -42: 
3'! 5 - 420 
375-425 
370-415 
360-415 
350-420 

1,337 

53 
39 
84 

153 
90 
40 
89 
37 

1,922 

63 .e 
52.8 
53.4 
46.8 
77. .0 
'+5.1 
81.5 
52.6 
gr, .4  
24.8 
44.0 

2,52 2 

0 
0 
0 
0 
0 
0 
0 
8 

1 2  

None 
None 
None 
None 
None 
None 
None 

12.0 
2.5 
2.5 
1.7: 

1.25,i .o 
1.0,o.: 
1 .0 ,0 .4  
1 . 0 , O . T  

30.9 

Xone 
None 
Nore 

1.7,0.3 
1.7 

1.7,o.b 
1.'(,0.?_ 

38.7 
1 .'(, 0. 3 

1 . vf, 0 .3 
3.3,l.O 
I .7,0. 3 
1.7,0.3 
1.7,o.g 
1.7,0.3 
57.6 
1 . ' f  ,O. 7 
1.7,0. 3 
1.7,0. 3 
J. .7,0.3 
1.8,0.6 

1.5,0.3 
1.7,o.b 

1. .7,0.15,0.25 

1 . 7 , O . j  
l * 7 , 0 * 3  

None 
None 

16.4 

aKuns a r e  l i s t e d  i n  chronologica l  o r d e r .  

bHigh temperature reached duririg removal of hign-ZrF4:content sa1 t, t o  was te .  

'High temperature r e s u l t e d  fro.11 attempt-: t o  1f~1.c a s a l t  pl-ug i.n the  sa l ; - t ransfer  l i n e ,  

dFa i lu re  of two t e q e r s t m z  c o n t r o l l e r s  r e s u l t e d  i n  t h e  lower p a r t  of t h e  f l u o r '  ric t o r  

e S a l t  w a s  blended froill 27.5-27.5-45 and 3[.5-3:.5-25 no].? $ NaF-LiF-ZrF4 salts. 

b e i n g  heated  t o  890°C for a s h o r t  time p r i o r  t o  f l u o r i n a t i o n .  

No  samples were taken. 
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Ta,ble 8. Fluor ina to r  Decontamination H i s  t o r y  

T irne Temperature 
Cleaned A f t e r  Run: Cleaning So lu t ion  XJsedajb (hr 1 ("c) 

TU-'-( (14 r u m s  ) 0.35 M ammonium oxa la t e  - 60 
95 

m-11 (21  runs )  No cleanj-ng done 

50-95 
25 

T-11 (29 runs )  0.35 M ammonium o x a l a t e  
(6  c a s h e s )  

0.3 M - Al(N03)3 
0.1 M - Al(N03)3 

0.1 M &(NO- ) -0.01 M HNO 
(2-washes~ 

5 -1 -1 w t  ;"'o NaOH -H202 - 
sodium t a r t r a t e  

10 

50-95 

50-95 
25 

50-95 
25 

25 

5-2-2 vt $ NaOII.-H202- 20 25 
sodium t a r t r a t e  

(7-washes, c i r c u l a t e d )  
25-80 
80-95 
25 

25 -80 

{E; T-14 (40 runs)  0.3 M arrmonium oxa la t e  

(1 wash, s t a t i c )  92.5 
C 

{ 1; 80-95 
Detergent s o l u t i o n  

( 2  washes ) 

I; odium t a r t r a t e  
5-1-1 w't '$ NaOH, H202, 20 25 

a 
Tne t o p  half of  the  f l u o r i n a t o r  l;.ras not  exposed t o  c leaning  so lu t ion  
during some washes. 

Water r i n s e s  are no t  i.ncluded. 

Approximately 1.25 lb of dishwasher de t e rgen t  i n  350 gal of water .  

b 

c 
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t h e  neck s e c t i o n  w a s  a t  about  425, and the upper sectioii was a t  about 315. 

Teiiiperatures were kept  a t  f a i r l y  constan-t  va lues  throughout each run.  

S a l t  from t'ne hydro f luo r ina to r  (about  27.5-27.5-45 mole % NaF-LiF-ZrFLL 

p lus  uranium, mnp about  b 5 O " C )  w a s  t r a n s f e r r e d  t o  the  bottom sec t ion ,  fill- 

ing  it to 3 t o  14- i n .  below t h e  5-3/4-in.-diam s e c t i o n .  

The sa l t  w a s  sparged wi th  n i t rogen  a t  abolut 14 s t d  l i k r s / m i n  ( s l m )  

f o r  20 min t o  ensure a unii"orrn mixture f o r  sampling. S a l t  samples were 

taken by lower ins  a l a d l e  on a cha in  through the  1-in. p ipe  extending i n t o  

t h e  upper section or tine f l u o r i n a t o r .  During t'ne sampling per iod,  an  

a t tempt  w a s  made t o  prevent  a i r  e n t r y  i n t o  the v e s s e l  by bakincii ig t'ne 

p re s su re  i n  t h e  v e s s e l  a g a i n s t  that i n  tile sample cub ic l e  wi th  ni-trogen 

purges.  However, iiiere was some a i r  flow i n t o  t'ne f l u o r l n a t o r ,  p a r t i c u -  

l a r l y  i n  t h e  runs p r i o r  t o  rim l T - l l .  

A f t e r  sampling, the s a l t  wa,s f l u o r i n a t e d  u n t i l  t he  uranium content  

a 
w a s  l e s s  than  10 ppm. T h i s  w a s  u sua l ly  done i n  two s t e p s .  F luor ine  w a s  

f i r s t  introduced a t  about; 6 slm f o r  1 hr and h0 min and then  a t  about  

7.3 s l m  f o r  20 min.b A f t e r  f luorinat i .on,  the  v e s s e l  w a s  jhr tediately purged 

wi th  n i t rogen  and t h e  sal t  resarnplcd. The s a l t  then  remained i n  the  

v e s s e l  for s e v e r a l  hours while  the UF w a s  desorbed from t h e  movable-bed 

absorber  ( f i l l e d  w i t i i  NaF p e l l e t s ) .  

from t h e  NaF; consequently t h e r e  w a s  some exposure of t he  upper p o r t i o n  o f  

6 

F luor ine  was used t o  sweep t h e  TJF 6 

t h e  f l u o r i n a t o r  t o  a f luo r ine -n i t rogen  atmosphere during t h a t  time, bu t  

on ly  t h e  exposure dlli+i11g fluorri.nation and condi t ion ing  w a s  included i n  

a 

bAddit ional  f luorintz Lion w a s  done i f  requi red  t o  reduce the uranium 

Typical  F a n a l y s i s  is given i n  Table ?A i n  the Appendix. 

c o n t e n t  of t h e  sa l t  t o  less than  10 pp i .  

2 
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cor ros ion - ra t e  de te rmina t ions .  

t h e  NaF p e l l e t s  from t h e  absorber  w a s  d ischarged i n t o  t h e  f l u o r i n a t o r .  

Af t e r  desorp t ion  of t h e  W6, a p o r t i o n  o f  

The s a l t  w a s  aga in  sparged wi th  n i t rogen  and sampled. F ina l ly ,  t h e  

f l u o r i n a t o r  w a s  ernpti-ed and then  cooled t o  room temperature  ri.n a nitrogen 

atmosphere.  Typica l  f l u o r i n a t o r  ope ra t ing  condi t ions  f o r  runs duri-ng 

zirconium process ing  are given i n  Table 9. 

T a b l e  9. Typical  F l u o r i n a t o r  Operat ion Conditions f o r  

Each Run During Zirconium Process ing  

F luo r ina to r  Condi t ion Typical  Time Required p e r  Run ( h r )  

2 

2 

Heat up t o  500°C (no sa l t  except  h e e l )  

A t  500°C wi th  no sa l t  p r e s e n t  

A t  500°C with  salt b u t  no F2 

A t  500°C with  sa l t  arid F 

A t  500°C wi th  F2-M2 mixture  i n  t o p  

Cool down from 500°C t o  100°C with no 
s a l t  p r e s e n t  

2 

s e c t i o n  

50 
2 

4 

36 

Operating Hi s to ry  of F l u o r i n a t o r  

The f l u o r i n a t o r  and a s s o c i a t e d  l i n e s  were i - n s t a l l e d  new a t  t h e  

beginning of  the zirconium program and were used throughout the program 

wi th  only  a f e w  changes.  These changes, a long  wit'n abnormal ope ra t ing  

cond i t ions  t h a t  might have i-nfluenced cor ros ion ,  a r e  given i n  t h i s  

s e c t i o n .  

The movable-bed abso rbe r  w a s  i n s t a l l e d  above t h e  f l u o r i n a t o r  a t  t h e  

end of T-'( ('[ rims). Prior' t o  t h x t  t i m e ,  f ixed-bed NaF absorbers  f i l l e d  

w i t h  NaF p e l l e t s  w e r e  used.  The abso rbe r  w a s  a t t a c h e d  t o  t h e  5- in .  -dlam 

p ipe  above t h e  f l u o r i n a t o r ;  f l anges  and a copper 0-rjng gaske t  were used. 



During t h e  f i rs t  I?-ser ies  runs,  t h i s  f langed connection developed a, l e ak ,  

and, a f t e r  T-11, it was rep laced  wi th  a welded connect ion.  The l e a k  was 

apparent ly  caused by overheat ing t h e  copper O-ring gaske t .  Only one o t h e r  

l e a k  occurred in t h e  f l u o r i n a t o r ,  and it developed p r i o r  t o  run Ti-1.3 in 

the welded j o i n t  between t h e  sampling l i n e  and t h e  f l u o r i n a t o r .  It  appar-  

e n t l y  w a s  caused by t h e  v i b r a t o r  used on the  l i n e  during sampling. The 

weld w a s  r e p a t r e 4  and the  sampling procedures were modified t o  reduce t h e  

use of  t h e  v i b r a t o r ,  prevent ing f u r t h e r  l e a k s .  

I n  o t h e r  p ip ing  changes, Yne sal.t-sampli.ng l i n e  was changed. from 

3/4-in.  t o  1 - i n .  sched-40 p ipe  a f t e r  T-'? ( ' 7  r u m s )  i n  o rde r  t o  make passage 

of Yne lad.1-e through t'ne line e a s i e r .  The waste s a l t  l i n e  Prom the f l u o r -  

i n a t o r  t o  the  waste can w a s  rep laced  a f t e r  TU-7 (14 runs) because t h e  l i n e  

had been bent  when t'ne f l u o r i n a t o r  was forced  o u t  of  alignment by t h e  

furnace a 

Overheati-ng of t h e  lower s e c t i o n  of  the f l u o r i n a t o r  occurred durirlg 

rims Y-8, T-9 aid R-8. 

dur ing  rj.1-8, and t h e  f l u o r i n a t o r  w a s  hea ted  t o  750°C t o  prevent  f r eez ing .  

During T-9, a plug formed i n  t h e  s a l t - t r a n s f e r  l i n e  between t h e  hydrof luor -  

i n a t o r  and f l u o r i n a t o r ,  and t h e  ieniperature was increased  t o  about  715°C 

t o  t r y  t o  melt  t he  plug:. A s e c t i o n  of  t h e  t r a n s f e r  l i n e  v-as rep laced  

durrihg t h i s  run, and tile e n t i r e  l i n e  was rep laced  afte~ T-10. During R-8 

simultaneous f a i l u r e  o f  two tenl-perature c o n t r o l l e r s  r e s u l t e d  i n  the lower 

s e c t i o n  o f  t he  f l u o r i n a t o r  being Irieated 'Lo about  890"c f o r  a s h o r t  time, 

bu t  t h e  Overheating apparent ly  w a s  no t  de t r imen ta l .  

A high-melting s a l t  was charged 'to t he  system 

Six groups of l/b-in.-diarn cor ros ion  rods w e r e  exposed t o  the f l u o r i -  

nator  environment during the zirconium program. These specimens were made 



of Nickel  201 rod welded wi th  f i l l e r  metal  61 and of o t h e r  metals t h a t  

were proiiiising f o r  f l u o r i n a t o r  cons t ruc t ion .  The runs during which each 

group of  rods w a s  exposed are given i n  T'a,ble 10. 

"able 10. Corrosion-Rod Exposure i n  t'ne F luo r ina to r  

During Zirconium Process ing  

Corrosion Rod Group Nunher Runs 

- T T-1 through T-'( 

II 'IZT-1 through TU-5 

111 TU& and TU-7 

IV T-8 through TU-10 

v TU-11 through T-11 

a 
V I  TU-13 to present  

a 
Rods were still i n  tlrie f1uorin:itor at t he  end of  the zirconium prograru 
(T-14). 

Two j+-in.-diani d i sks  were t reganned from the lower s e c t i o n  o f  the 

f luo r ina  tor  a f t e r  ~-11 (29 runs ) f o r  meta l lurg j  ea1  a n a l y s i s .  

removed rrom the i n t e r s e c t i o n  of g i r t h  and seam welils (Fig. 10) a f t e r  

Tkiey were 

radiography revea led  that t h e  weld had been s e l e c t i v e l y  a t t acked .  New 

plugs were .welded i n t o  t h e  holes from ~rihich t h e  d i s k s  were removed. 

F luo r ina to r  Corrosion Measurements and Results 

Bulk Metal Losses 

B d l k  metal  losscs from the f l u o r i n a t o r  were determined pr im3r i ly  by 

Vidigage w=ll- thickness  measurerncnl,:; . Y h s e  rnea,aurements gave t h e  psedorn- 

inant, th ickness  and d i d  no t  i n c l  inde p i t s  o r  i n t e r g r a n u l a r  cor ros lon ,  wh i ch 

were measured by o t h e r  methods. A n  ex tens ive  sLzrvey of the f l u o r i n a t o r  
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w a s  made a f t e r  A v e r t i c a l  row of  measurements w a s  made 

i i i  each quadrant o f  t he  ves se l ,  w i t h  th ickness  being determined a t  1 - i n .  

i n t e r v a l s .  These th icknesses  were then  compared wi th  .the o r i g i n a l  w a l l  

th ickness  t o  determine losses a 

(14 runs )  .3 

The mximimi wal l - th ickness  l o s s  of 27 m i l s  (0.9 mil/hr  of f l u o r i n e  

exposure)  occurred. i n  the  5-3/4-in.  -diam neck. This cor ros ion  r a t e  w a s  

c o n s i s t e n t  with r a t e s  prev ious ly  obtained f o r  t h e  Mark I and I1 f l u o r i -  

n a t o r s .  The maximum 1.0~s i.n t h e  lower s e c t i o n  a f t e r  TU-'-( was 16 mils 

(0.52 mil/hr  o f  f l u o r i n e  exposure),  and t h e  maximum loss i n  t h e  upper 

de-entrainment see t io i l  w a s  l b  mils (0 .5 mil /hr  o f  f l u o r h e  exposure) .  

A l i m i t e d  nu.mber of  Vidigage measurements w a s  made, i n  t he  lower 

21 

4 
s e c t i o n  only,  a f t e r  runs T ( 7 - 1 1  (21 runs )  

menk were not vade i n  t h e  upper s e c t i o n  because it w a s  covered wi th  

i n s u l a t i o n .  'The lower-sec t ion  measurements were made a t  3- in .  i n t e r v a l s  

i.n one v e r t i c a l  l i -ne.  A comparison of  the wall-thick.ness l o s s e s  i n  t h e  

lower s e c t i o n  a t  var ious  ti-mes during the program i s  given i n  Table 11 

below. The lower to t a l -wa l l - th i ckneas  l o s s e s  measured a f t e r  21 and 27 

runs ev iden t ly  resu- l ted  from the  s m a l l  number of readings taken then, 

compared wi th  t'ne ex tens ive  survey made a f te r  14 runs .  

measurements made a f t e r  21  and 29 runs ind. icate  tha-t  no extensrive w a l l -  

th ickness  loss occurred during t h a t  t ime"  

and T-11 (29 r u n s ) .  Measure- 

Rowever, the  

Addi t iona l  cor ros ion  in.formnation f o r  t h e  f l u o r i n a  t o r  w a s  obtai-ned 

a f t e r  T-11 (29 runs )  from two k-in.-?iam d i sks  trepanned from the  lower 

s e c t i o n  .7 

radiography revea led  t h a t  welds i n  the  vessel had been s e l e c t i v e l y  

a t t acked .  Micrometer rne%sixements of the base metal (corrosioi? o f  the  

'i"ney were removed for m e t a l l u r g i c a l  examinatj-on a f t e r  gamma 



Table 11. Bulk Metal Losses i n  t h e  Bottom 16- in .  -dia-ri Section 

of  t h e  F l u o r i n a t o r  During Zirconium Processing 

‘FJa.11 ‘Fiiickncss Loss Corrosion Rate 
(mils) ( m i l s / h r  of f luor i i ic  exposure ) 

Number of  Runs Maximum Average JL‘Iaxirnum Average 

14a ( a f t e r  TU-() 16 6 0.52 0.19 

21’0 (after ~~-11)  9 4 . 0.23 0.12 

9 5 0.15 0.09 b 
29 ( a f t e r  ~-11) 

a 

bMeasurements made a t  3- in .  i n t e r v a l s  i n  1 quadrant .  

Measurements made a t  1 - i n .  i n t e r v a l s  i n  I+ quadrants .  

weld metal w i l l  be d iscussed  l a t e r )  i nd ica t ed  wal l - th ickness  losses of 2 

t o  10 mils (0.04 t o  0.1’7 mi l /hr  of f l u o r i n e  exposure)  f o r  t h e  upper d i s k  

and 5 -to 15 mils (0.09 ‘io 0.26 mil/hr of f l u o r i n e  exposure)  for. t he  lower 

one. Wall- thickness  measurements made dur ing  t h e  zirconium program a r e  

given i n  Table 12. 

a 

The d-isks .trepanned from t h e  f l u o r l n a t o r  a f t e r  T-11 provlded access  

holes  t‘nrougli vhich t h e  i n t e r n a l  p ip ing  w a s  measured. The 2- in .  - d i m  

d r a f t  tube  had a diameter. decrease of about  30 m i l s  (15 m i l s  aur face  l o s s  ) . 
All 1/2-in.-diam p ip ing  Piad decreased 0 t o  25 m i l s ,  wi th  the iipper po r t ion  

measurlng about  10 m i l s  more t han  t h e  bottom. 

Corrosion rods exposed t o  the  f l u o r i n a t o r  environment during t h e  

f irst  29 rumsb  a l s o  provided bulk-metal- loss  d a t a .  Rods made o f  s e c t i o n s  

a 
T’nere w a s  an  8- t o  1 0 - m i l  variation i n  t h e  o r i g i n a l  [wall thic’runcss 

a t  l o c a t i o n s  from which t h e  d i sks  were removed. 

bp’ive groups (o f  s i x  rods each) were exposed during t h e  f i r s t  29 
runs .  A s i x t h  group of rods  was i n s t a l l e d  a t  the  end of 29 runs b u t  w a s  
riot removed a t  the end of t h e  zirconium program (40 r u n s ) .  



Tsble 12, 3ulk Keta l  Losses from t h e  Nickel 201 f l u o r l n a t o r  bring Zirconlwn 2rocess ing  

Fluor inea  Corrosion Fate 
N,xber  Exposure Nolten S e l t  To ta l  Yall Ynickness (mlls/month of 

Sect ion 05 t h e  I -7 sr < Exposure Time LOSE (a i ls)  (mi ls /hr  of F? j mo l t en - sa l t  exD0sm-e j 
F ldo r ins to r  Measured Runs (hi-) ( h r )  Maxixua Average M a x i m m  Average Miisximum Average 

57.6 1, 922 9 5 0.15 0.09 3.4 1.9 
4-in. - c i l am disK trepanned 29 57.6 1,922 2 -to 10 0.8 t o  - 0.ok t o  - 

li-in. -diam d i s k  trepanned 29 5'7.5 1,922 5 t o  15 

C 
Bo.ttom 16- in .  -diam sec t ion  29 

- b 

from top of lower 0 .17 3.6 
sec t ion  

- 1.9 to 3.09 t o  - - D 

from %Le boYtom of t h e  0.26 5.7 
lower sec t ion  

38.: 1,337 9 4.7 0.23 0.12 4.9 2.6 

3ottorn cone 21 38.7 1,337 lb 19.0 0.4 0.3 7.7 5.5 
Bottom 16-in. -d.iar;., s ec t iond  l h  30.9 694 16 6 0.52 0.19 16.9 6.3 

14 30.9 691. 13 6 0 . L;. 0.2 13.'1 6.3 

c 
bottom 16-in. -dlam s e c t l o n  21 

C 

d 
Botton cone 

Bottom head' 14 30.9 694 22 9 0.7 0.3 23.2 9.5 
14 30.9 69 4- 27. 13 0.9 0.4 28.4 13-7 

ti 
Neck 

Top cone 

Top 1 6 - k .  - d i m  sec t ion  

Top h a d  

14 30.9 69 4. 20 7 0.6 0.2 21 .I 7.4 
14 30.9 694 . 14 4.5 0.5 3.1 14.7 4.7 

d 

G 

14 30.9 694 13 4 0 . 3  0.1 10.5 4.2 d 

5. 
Fluorine exposure t ine does no t  include v e s s e l  exposure during uesorp t ion .  

bBased 07, o r i g i n a l  tn ickness  of 0.370 t o  0.378 a t  t o p  and 0.3-0 t o  0.380 st bottom. 

%easu:ernents were taeen  every i n c i  i n  each quadrznt .  

c 
Orily one s e t  or' rLeasurements were race v e r t i c a l l y  every 3 in. 

t 
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of Nickel 201, some of which were joi-ned with ve ld  f i l l e r  metal  61, were 

included i n  each of t h e  f i v e  groups used during t h e  f t r s t  29 runs .  Tne 

rods were i n s e r t e d  i n  the  lower s e c t i o n  o f  t h e  f luo r i r i a to r .  Separate  

measurements were made f o r  both t he  Nickel 201 and weld f i l l e r  m e t a l  61 

i a  t h e  sal t ,  i n t e r f a c e ,  and vapor regions o f  t h e  rod .  The runs during 

which each group of rods was exposed i s  given i n  T-ible 10. Table 13 i s  9 

summary o f  t he  hulk metal losses. Corrosion r z t g  f o r  both the Nickel 201 

rods and t h e  weld f i l l e r  metal  61 varied. widely among t h e  groups.  

The bulk-metal  l o s s  r a t e  f o r  t he  Nickel 201 was from 0.06 t o  2.5, mil s /h r  

6,9722 

of  f l u o r i n e  exposure.  The maxiniurn r a t e  f o r  t h e  weld f i l l e r  rrietal wi3,s 

from 0.09 to 3.7 m i l s l h r  of  fluori-ne exposure.  I n  genera l ,  bulk-metal  

l o s s e s  were h i g h e s t  a t  the  i n t e r f a c e  and lowest  i n  the  vzpor region f o r  

both the  Nickel 201 and weld f i l l e r  metal  61 rods. Weld f i l l e r  metal 61 

had a s l i g h t l y  h igher  loss than t h e  Nickel 201. 

It i s  d i f f i c u l t  t o  r e l a t e  the wide -va r i a t ions  i n  bulk-metal  loss  i n  

var ious  sets of cor ros ion  rods t o  opera t ion  condi t ions  o r  t he  use of  

decontamination. s o l u t i o n s .  However, unusual ly  high r a t e s  (over  1 mil /hr  

of  f l u o r i n e  exposure)  occurred only I n  the group-111 rods,  which were ex- 

posed f o r  two nonradioac t ive  rims p lus  :an ammonium oxala,te wash. While 

these  runs were e s s e n t b l l y  i d e n t i c a l  with l a h e r  runs,  t h e  l a t e r  runs were 

g e n e r a l l y  smoo-Lher because of  ref inements  made i n  opera t ing  techniques.  

F luo r ina to r  P i t t i n g  

The p i t t i n g  a t t a c k  on the  f l u o r i n a t o r  w a l l  w a s  mea,sured a f t e r  TU-7 

Pits up t o  10 mils deep weie foiind i n  (11! runs )  by gamma. radiography.3 

the  upper s e c t i o n  and i n  the con ica l  s e c t i o n .  No furt 'ner mensurernents 

were made s i n c e  t h a t  t ime. However, a f t e r  T-11 (29 runs), We f l u o r i n a t o r  



T a b l e  13. Balk-Metal Loss Rates l o r  Nickel 201 and Weld F i l l e r  Mete2 61 

Niciiel 201~ 

Bic'Kel 201' 

Nickel 201 

Bickel  201 

Xickel 201 

Xickel 201 

Nickel 201 

IYlckel 201 

a 

Average 

Weld f i l l e r  metel 61aJb 

Veld f i l l e r  metal 61a9b 
gelti f i l l e r  metal 61 

Weld f i l l e r  metal 61a9b 

Weld f i l l e r  netal 61 
Weld f i l l e r  rnetal 61  

Averzge 

b 

b 

5 

Corrosion Xods ( G r o ~ p s  I through V )  is the  F lao r ina to r  

P luor lne  Pioiolten S a l t  Corrosion rate (ml l s /h r  of F2 Exposure) 

Group E-qosure Exposure Vapor IDter face  Salt 
Ms t e r i a l  Nuxber (31') ( h r  1 Maxiriiun Average Maxinim Average N6xim~ux Average 

1. 

I1 

I1 

111 

1x1 

IV 

IV 
V 

- - 
IT 
11 

117 

IIT 
IV 

12 

10.5 

10.5 

3 -1 

3 -1 
5 .s 
5 .a 
20.9 

12 

10.5 

10.5 

3 *I 
3 *I 
5.8 

3 67 
205.5 

205.5 

99 
99 
631 

601 

62 5 

3 67 

205.5 

205.5 

99 
99 

6ol  

0.06 

0.14 

0 .13 

0. !;5 
0.21 

0.26 

0.33 
- 

3.11 

0.26 

o .19 
1.17 

0.54 

0 .33  

0.04 3.08 

0.08 0.43 

0.11 0.54 

0.20 2 .I 

0.34 2.5 

0.18 0.36 

3.12 0.24 

- - 

0.15 

c.06 3.09 

0.23 0.58 
0.09 0.64- 
1 .3  3.7 
0.29 3.2 

0.22 0.35 

0.37 

0.07 

0.40 
0.42 

1.9 
2.1 

0.21 

0.30 

- 

0.77 

0.08 

0.57 

0.57 

3.0 

2.a 

0.30 

1.22 

0.09 

0.34 

0.34 

2 .o 
1.7 
0.93 

0.48 
0.18 

0.10 

0.64 

0.35 

2.5 

2.3 

0.29 

0.06 

0.28 

0.30 

1.5 

1.5 

0.38 

0.57 

0.08 

0.59 

0.34 

2.4 

2.0 

0.26 

0.95 

a 

'Razes a r e  f o r  weld f i l l e r  m e t a l  61 used i n  jo in ing  sec t ions  OP t he  cor ros ion  rods.  

These corrosion rods were f luor ine-condi t loned  before  being i n s t a l l e d  i n  the  f l u o r i n a t o r .  
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w a s  inspec ted  v i s u a l l y ,  

metal  was observed.  

I n t e r a r a n u l a r  Corrosion 

arid no unusual co r ros ive  a t t a c k  on t h e  Nickel 201 

Nickel  201 corroded i n t e r g r a n u l a r l y  i n  t h e  f luo r ina> to r  atmosphere 

(F ig .  11). 

l u r g i c a l  specimens, and, whev t h e  specimens were etched wi th  1:l n i t r i c -  

g l a c i a l  a c e t i c  a c i d s ,  a d d i t i o n a l  grain-boundary rmdi f i ca t ion  xcame 

ev iden t .  I n  t h i s  r e p o r t ,  i n t e r g r a n u l a r  cor ros ion ,  grain-boundary modif'i - 

ca t ion ,  and a small amount of  su r face  roughness have been c l a s s i f i e d  as 

p e n e t r a t i o n  determined by metallogrctphy. 

This i n t e r g r a n u l a r  a t t a c k  w a s  v i s i b l e  i n  as -pol i shed  m e t a l -  

I n t e r g r a n u l a r  co r ros ion  and grain-boundary modificacion represented  

a s i g n i f i c a n t  p a r t  of t h e  t o t a l  co r ros ive  a t t a c k  on t h e  Nickel 201, as 

shown by cor ros ion- rod  data i n  Table 14 and by t h e  f luorinator-specimen 

d a t a  i n  Table 15 .  The weld f i l l e r  meta l  61, on t h e  o t h e r  hand, showed 

much l e s s  grain-boundary modi f ica t ion  t'nan bulk  metal loss. 

The two 4-in.-diam d i sks  trepanned. from the  f l u o r i n a t o r  a f t e r  T-11 

(29 r u m )  probably g ive  t h e  most r e l i a b l e  co r ros  ion d a t a  obta ined  f o r  t h e  

lower s e c t i o n  o f  t h e  f l u o r i n l t o r .  T'ne lower d i s k  was taken from nea r  t h e  

bottom of  t h e  lower s e c t i o n  i n  a l o c a t i o n  t h a t  would have been submerged 

i n  s a l t  dur ing  ope ra t ion .  The upper one was removed from an  area s l i g h t l y  

above t'ne normal salt, i n t e r s a c e .  Corrosion d a t a  are given i n  Table 15. 

Note t h a t  i n  add? Lion t o  the cor ros ive  a t t a c k  i n s i d e  t h e  vessel, g ra in -  

boundary modi f ica t ion  occurred on t h e  o u t s i d e  as a r e s u l t  o f  air ox ida t ion .  

Fluorina, tor  Corrosion by Aqueous Cleaning So lu t ions  

The f l u o r i n a t o r  was p e r i o d i c a l l y  cleaned wit'n aqueous s o l u t i o n s  t o  

reduce the r a d i a t i o n  level and t o  expose tine surSace €or examination 
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Table 1 5 .  Corrosion of  Nickel 201 Specimens Xemoved from 

t'ne F luo r ina to r  Wall A f t e r  29 Runs 

- 
Bulk Grain Bomdsry Mod. Corrosion Sound 
Metal In s ide  Outside Total Hate Me t a l  
Loss Surfacz Surface A t  t s ck  (mi ls /hr  Remaining 

Location (mils ) (mils ) (mils) (mils) of  F2) ( m i l s )  

Upper trepanned 2 5,o 5 9 IG to 0.28 to 354 
sectinn l oa  24 0.42 

Lower trepanned 5 t o  6 1.1- 22 t o  0.38 to 31-18 
s e c t i o n  15" 32 0.56 

a. 
Based on an 8- t o  10-mil v a r i a t i o n  i n  t'ne o r i g i n a l  wall thi-ckness.  

(Table 8 ) .  

salt f i l m s ,  aluminiJm n i t r a t e  (0 .1  M)-nitric a c i d  (0 .01  M )  so lu i io i i  vas 

used a f t e r  T-11 (29 r u n s )  as a mild corrodent  t o  remove r ad ioac t ive  

Ammoriiwn. oxa la t e  s o l u t i o n s  (0.35 M )  w e r e  used f o r  rermuing - 

- I 

matcrial that ,  had penet ra ted  i n t o  t h e  are% l e f t  by i n t e r g r a n u l a r  cor ro-  

s ion  of the  Nickel 201, and sodium hydroxide-hydrogen peroxide-sodium 

t a r t r a t e  s o l u t i o n  (5-1.-1. t o  5-2-2 wt %) w a s  used t o  remove back-adsorbed 

a c t i v i t y .  

Corrosion of  ammoni urn oxa la i e  s o l u t i o n  on n i c k e l  had previoiisl-y been 

899 determined t o  be l o u .  Nickel corrosioi i  r a t e s  f o r  0.5 M ammonium oxa la t e  

a t  r e f l u x  temperature were 0.064 t o  1 .22 mils/month, depending om pH and 

- 

sa1.t conteil t  .23 When the aluminurn n i t r a t e - n i t r i c  a c i d  and c a u s t i c -  

peroxide - t a r t r a t e  s o l u t i o n s  were c i r c u l a t e d  thsough the f l u o r i n a t o r ,  the  

n i c k e l  c o n t c n t  was watched c i r e f u l l y  -to prevent excesslve corrosiork. 
a 

a 
Assuming uniform cor ros ion ,  tile n i c k e l  ana lyses  ind ica t ed  an average 

wal l - th ickness  l o s s  of  1. [ mils i n  t h e  lower 16-in. s e c t i o n  o f  the  f l u o r i -  
n a t o r  due to  t h e  aqueous c l e sn ing  a f t e r  l l l - l l .  Most of the corrosion 
occurred during thz use o f  t he  Al(N0 ) -HNO s o l u t i o n s .  

3 3  3 
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However, an examination o f  t he  f lu-or ina tor  after the c leaning  fol lowing 

r u n  T-11 (29 r u n s )  revea led  t h a t  t h e  -weld f i l l e r  m e t a l  61 had been s e l e c -  

tively a t t acked .  This a t t a c k  on a specimen cui; from .the f l u o r i n a t o r  i s  

shown i n  F ig .  12.  The weld metal was removed t o  a depth of about  40 mils, 

but,  as shown I.n Fig. 12, t he  th i ckness  of  t h e  remainirlg weld metal w a s  

s t i l l  about  t'ne same as t h a t  of t h e  vessel wall. Weld metal l o s s  was 

f a i r l y  uni form throughout t h e  ves se l ,  and garmna radiography of t h e  welds 

i n  t h e  lower s e c t i o n  ind ica t ed  t h a t  t h e r e  w e r e  no a reas  or extens ive  pene- 

t r a t i o n .  

9 8 
Studies  were made a t  BMI and ORNL t o  determine the  cause of t'ne 

s e l e c t i v e  a t t a c k  on weld f i l l e r  inets l  61. A t  BNI, cor ros ion  specimens 

made from t h e  f l u o r i n a t o r  w a l l ,  as w e l l  a n  prepared specimens, were ex-  

posed t o  a l t e r n a t i n g  cyc le s  of  b o i l i n g  0 . 1  M Al(RO ) -0.01 M IQKl and 

5-2-2 w t  $ ?&OH- H 0 -NaC 13. 0 

exposure, given i n  T8h le  16, i n d i c a t e  t h a t  t h e  A l ( T J 0 . )  -EDTO- i s  more 

co r ros ive  t o  both Nickel  201 and weld f i l l e r  m e t a l  61 than is t h e  c a u s t i c -  

p e r o x i d e - t a r t r a t e .  I n i t i a l  co r ros ion  rates i n  the  Al(N0 ) -BNO dur ing  

t h e  f i r s t  3 iir were cons iderably  h igher  t han  l a t e r  ra tes .  The use o f  

- 3 3  - 3  
a t  room temperature.  The results o f  Ynis  2 2  2 4 6  

3 3  3 

3 3  3 

caust?lc -peroxi.de - tartrate appears  t o  inc rease  cor ros ion  by subsequent 

t rea tment  with Al(N0, ) -HNO 

Nickel  201 welded wi th  f i l l e r  meta l  61 nor  t h e  f i l l e r  metal 61 corros ion  

Nei ther  the prepared co r ros ion  specimen o f  
3 3 3' 

specimens ind ica t ed  s e l e c t i v e  a t t a c k  by t h e  decontcarlinating s o l u t i o n .  

However, t he  weld f i l l e r  metal 61 specimen removed from the  f l u o r i n a t o r  

was s e l e c t i v e l y  a t t acked ,  as shown in Fig .  13. Based on these  s t u d i e s ,  

i t  w a s  concluded t h a t  t h e  weld f i l l e r  metal  61 a t t a c k  was caused by t h e  

aluminum n i t r a t e - n i t r i c  a c i d  c leaning  s o l u t  Lon used a f t e r  run T-11. 
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Table 16. Corrosion Rate of F luo r ina to r  Mater ia l s  i n  Al te rn2t ing  

Cycles of  Boiling 0.01 N HNO.-O.l  N Al(N0 ) and 

5-2-2-rit $ Na01I- K 0 -NaC,II 0 a t  Room Temperature 

3 3  I 3 

2 2  2 4 6  

- 

Corrosion Rate 
Nickel 201" Nickel  2Ola 'deld F i l l e r  
F luo r j  n a t o r  Yes t Metal 61 

Specimens Specimens Rod 
Exposure Conditions (mils/niont'n ) (mils/month) (mils/montln) 

A l ( N 0  ),-HNO_ - f i r s t  3 h r  152 to 244 108 to 166 59 to 67 3 s .3 

3 3  Al(N0 ) -HN03 - next  81 h r  34 t o  36 11 t o  23 1 4  

Caust ic  -pe rox ide - t a r t r a t e  - 6 t o  8 3 t o  6 7 t o  8 
next  20 h r  

A l ( N 0  3 3  ) -III?J03 - next; 16 h r  60 t o  67 57 t o  63 39 to I C 1  

Caus t i c -pe rox ide - t a r t r a t e  - 4 t o  5 2 t o  4 4 to 5 
next 20 hr 

A~(NO ) - H X O ~  - next  20 h r  78 to 8y 47 to 53 36 t o  41 3 3  

Cumulq-tive r a t e  f o r  120 h r  39 t o  40 22 t o  28 18.7 
of  Al(NO~)3-HN03 and 40 h r  
of c a u s t i c  -peroxide - t a r t r a t e  

a 
Specimens had weld f i l l e r  metal  61 in seam welds. 
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F ig .  13.  

Cleaning Sol-utrions. 

s o l u t i o n s .  

S e l e c t i v e  Corrosion of Weld F i l l e r  Metal  61 by Aqueous 

V e r t i c a l  f aces  were f l a t  before  exposure t o  
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The reason i s  n o t  known f o r  t h e  d i f f e r e n c e  between t h e  co r ros ion  

rate f o r  t h e  w e l d  f i l l e r  meta l  61 from t h e  f l u o r i n a t o r  specimen and t h a t  

f o r  t h e  prepared specimens 

weld f i l l e r  metal  61). 

weld f i l l e r  m e t a l  61 composition. The l a r g e r  r a t i o  o f  Nickel 201 t o  weld 

f i l l e r  m e t a l  61 i n  t h e  f l u o r i n a t o r ,  compared wi th  t h a t  for t he  co r ros ion  

specimen, may have increased  t h e  weld f i l l e r  metal 61 a t t a c k  i n  the  f l u o r -  

h a t o r  by ga lvanic  co r ros ion .  

A i r  Oxidat ion o f  Nickel 201 

(which d i d  not show se l ec t i -ve  a t t a c k  of  t h e  

Analyses o f  t h e  f l u o r i n a t o r  welds gave a t y p i c a l  

8 

Speci-mens removed from the  lower p o r t i o n  of  the f l u o r i n a t o r  a f t e r  

run T-11 (29 r u n s )  showed t h a t  grain-boundary modi f ica t ion  had occurred 

on t h e  e x t e r i o r  su r face  t o  a depth of  9 m i l s  and 11 m i l s  on t h e  upper and 

lower speciiiiens, r e s p e c t i v e l y  (Table  15.). The res idence  t i m e  of molten 

sa l t  i n  t h e  v e s s e l  provides  8 conserva t ive  e s t ima te  o f  t h e  time that  t h e  

e x t e r i o r  of  t h e  v e s s e l  w a s  hea ted .  Sased on s a l t - r e s i d e n c e  t i . m e ,  t he  

e x t e r i o r  co r ros ion  rate w a s  3 .4  and. 4.2 milx/month. S tudies  a t  BMI gave 

a co r ros ion  ra te  of 1 .6  mils/month f o r  Nickel  201 i n  a i r  a t  700°C f o r  

2000 h r .7  I n  these  stiidi-es, t h e  n i c k e l  s c a l e  was adherent ,  b u t  there w a s  

cons iderable  i n t e r g r a n u l a r  corrosi.on . 
The Mwk I arid I1 Nickel  201 f luo r i r i s to r s  used. i n  previous V o l a t i l i t y  

P i lo t ,  P l a n t  programs e x h i b i  ted  s i m i l a r  e x t e r i o r  co r ros ion  l o s s .  me 

Mark I v e s s e l  had a 3- t o  8-mil cor ros ion  lo s s  (1.8 t o  4.( mils/rnonth o f  

exposure t o  molten s a l t )  a f te r  1250 I i r  of molten s z l t  at 600 t o  725"~. 

The Mark I1 v e s s e l  was exposed f o r  1950 rlr t o  molten s a l t  a t  540 t o  (30°C 

and showed an e x t e r i o r  co r ros ion  1035 oi" 1 t o  6 m i l s  (0.37 t o  2.2 m i l s /  

month of exposure t o  molten s a l i ) .  
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Corrosion of  Other Metals i n  the  F luo r ina to r  Environment 

Corrosion-rod s t u d i e s  i n  t h e  f l u o r i n a t o r  environment included metals 

p o t e n t i a l l y  s u i t a b l e  f o r  f l u o r i n a t o r  cons t ruc t ion .  The specimens included 

b i n a r i e s  of  n i c k e l  ar?d i.ron, coba l t ,  al.uminim, magnesium, and molybdenum, 

and specimens made of INOR-8, SNOR-1, 

metal 61, I N C O - 4 1 ,  

a 
HyMu 80,b Nickel 2 O l ,  weld f i l l e r  

c 
E-nickeLd and. h igh-pur i ty  vacuusri-rnel.t,ed. (HPVM) n i c k e l .  

Nickel 201 specimens were inclad-ed ii? each of  t h e  Yive groups o f  rods 

eval-uated during the z i  rconium program. The other m e t a l s  were included 

i n  one o r  more of  t h e  groups.  

The specimen; were l o c a t e d  i n  the lower s e c t i o n  of  t h e  € luo r ina to r ,  

and po r t ions  o f  tiieiii were exposed t o  vapor, i n t e r f a c e ,  and s a l t  reg ions .  

Maximum corros ion  rates f o r  specimens i n  each  group and t h e  l o c a t i o n  i n  

which maximum corros ion  occurred a r e  given i n  Table l'[. The runs during 

which each groups w a s  exposed and t h e  run condi t ions  are given i n  Tables 

10 and 7 .  Groups 11, 111, and IV were exposed t o  normal f l u o r i n a t o r  

cond i t ions .  Group I was exposed t o  s a l t  conta in ing  no uranium; conse- 

quent ly ,  the  salt was no t  f l u o r i n a t e d .  Group V w a s  exposed t o  normal. 

f l u o r i n a t o r  condi-Lions p lus  t h e  ex tens ive  aqueous c leaning  given the  

system af te r  T-11. Tne aqueous cJ.eaning i s  r e spons ib l e  f o r  a l a r g e  p a r t  

o f  t he  cor ros ion  o f  t h i s  group, p a r t i c u l a r l y  t h a t  o f  t h e  HyMIJ 80 specimens. 

a. 
LNOR-1 nominal composition ( w t  $I) - N i ,  78; Mo,2O; Fe,0.3; Mn,O.5; 

si,0.5. 
bHyKu 80 nominal composition ( w t  $) - Ni,79; M0,b.O; Mn,0.50; Si, 

0.1.5; Fe,bal .  

Cu,0.25; Mn,0.35; Fe,0.4; Si , l .O;  Tj_,O.5 max. 

c .. 
1NCO-L!-1 ( N i  f i l l e r  metal.) nominal composi.tion ( w t  $) - N i ,  97 rnin; 

dE-nickel noiiiinal composition ( w t  $I) - T\Ti.-2Mn. 
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Table 17. Maxiinm Corros ion  Hates  for Groups I Through V, 
1.2 F’1uori.nator CorrosLoa Rods 

Locat ion  Corros ion  Ra-te (mils p e r  h r  
Group of rraximwn of  F2 exposure) 
No. Ne t a l  corrosion” Metal ~ o s s D  I G C  Total* 

I L-n icke l ,  cond i t ioned  I, 0.09 0.y6 1.1 
Weld :Yi11er metal 61, L 0.10 0.17 0.27 

E - n i c k e l  L 0.07 0.29 0.36 
Nj . -5  Fe L 0.09 0.06 0.15 
Bi-10 Fe V 0.08 0.83 0.91 
Ni-20 Fe L 0.08 0.42 0.50 

condit  ioiied 
Nicke l  I-IPVIvl L 0.06 10.4 10.5 

I1 L-n icke l ,  cond i t ioned  
Weld. f i l l e r  metal 61 
L -11 i eke 1 
N i - 5  Co 
Weld filler metal 61 
Bi-10 Co 
N i - 1  A1 
n’i-3 A1 

L 0.34 
TJ 0.64- 
I, 0.34 
L 0.57 
IF 0.65 
I F  0.78 
IF’ 0.55 
I F  0.82 

I11 L-nickel, cond i t ioned  1, 
WPU f j l l e r  m e t z 1  61, I F  

L -nic  k e l  I F  

N i - 1  Mg I F  
Xi-0.1 IF 
~ i - 0 . 0 5  1% I F  
HyMv 80 IF 

condi t j oned 

Welit f i l l e r  metal 61 IF’ 

2 .o 
3.7 

2 . 5  
3 .2  
2 . 8  
3.3 
2 - 9  
1 *3 

0.67 1.0 
0 0.64 
0.67 1.0 
3.71 4.28 
0 0.65 
0 . 3 3  1.11 
0 0.55 
1.48 2.29 

0.9 2.9 
0 3.7 

1.6 4.1 
0.8 4.0 
0 2.8 
0 3 .  3 
0 2.9 
0 1 .3  

IV L -11 i c  Bel L 0.9 5.3  6.2 
Weld f i l l e r  rnetal  61 1, 0.3 0 .4  0.7 
I, -nic  kel IF 0.4 2 .1  2.5 
TNCO -41 L 0.6 0.9 1.5 
Wi-10 Fe L 1.3 0.7 2.0 
I - I ~ M U  80 L 1 . 2  0.4 1 . 6  
I N O R - 8  1; 1 .o 0 1.0 

V L-n icke l  
N i - 1  f i l  
N i - 5  MO 
I N O R - 1  
m o F  -8 
HyMu 80 

L 0.18 0.14 0.32 
I, 1.83 0 1.83 
L 0.99 0 0.99 
L 1.31 0 1.31 
V 0 .53  0 0.53 
L 2.62 0 2.62 

e V = vapor; L = l i q u i d ;  I F  = vapor-liqu.id i n t e r f a . c e .  

’By m i c r o m e t e r  readings. 
c 

I n t e r g r a n u l a r  a-Ltack and. g:rariri bound-ary rocii.fication. 

and l eached  p o r t i o n  i s  unsound. 
‘Has ed. on sou.nd ne ta.1 reina ini.ng , 3. s s uming that i n t e  rgrano.l.ar1y a t t a c k e d  
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Corrosion r a t e s  of Nickel  201 and o t h e r  materials p re sen t  i n  more 

than  one group showed cons iderable  v a r i a t i o n  between groups. 

t i o n  has not  been fu1.J-y explained,  a l though it, may have been du.e t o  

d i f f e rences  i n  the  HF and s u l f u r  conten t  o f  t h e  f l u o r i n a t o r  sa1.t. 

'This v a r i a -  

Al.though t h e r e  was a cons iderable  v a r i a t i o n  i.n cor ros ion  r a t e s  of  

a l l o y s  from d i f f e r e n t  groups, s e v e r a l  conclusions a r e  apparent  from the  

cor ros ion  rod r e su l - t s .  'The bu1.k metal  l o s s  from t'ne n i c k e l  b ina ry  a l l o y s  

w a s  about  the same as f o r  PSickel 201, bu-t, t h e  presence of i ron ,  al.umi.nurn, 

and manganese cons lderably  reduced t h e  i n t e r g r a n u l a r  corrosioi i .  Extra-  

high-puri-ty n i c k e l  was most susceptib1.e t o  bo-th bulk  metal  loss arid 

i n t e r g r a n u l a r  a t t a c k .  Mater ia l s  t h a t  show promise of  i-mproved performance 

over  Nickel  201. f o r  f l u o r i n a t o y  cons t ruc t ion  were weld f i l l e r  metal 61, 

E-nickel ,  N i - 5  Fe, Ni-lA1, INOH-8 and EyMu 80. A more complete coverage 

of  t h e  cor ros ion  rod. da t a  can be obta ined  from r e f s .  6, 9, 1 2  and 22. 

DISCUSSION AND CONCLUSIOU-S 

The cor ros ion  da ta  obta ined  from the  hydro f luo r ina to r  during 4-0 

zirconi.um processing runs i n d i c a t e s  tnai; I N O E - 8  i s  a s u i t a b l e  s t r u c t u r a l  

m a t e r i a l  i f  a corrosiori  allowance i s  included i.n t'ne design of  -the v e s s e l .  

Cracki.ng i n  the  lower s e c t i o n  of  t h e  ves se l ,  which caused the most concern 

i n  t h e  p re sen t  hydrof luor ina tor ,  i s  thought t o  be due to t he  use of  a sub- 

s tandard  p iece  of INOR-8 and i s  t h e r e f o r e  not  expected t o  be a problem i n  

f u t u r e  hydrofluorina. tors  . 
?'he maximum bulk m e t a l  l o s s  i n  the hjrdrof luori i ia tor ,  0.14 rnil /hr of 

HF exposure (38 mils/month of molten salt), w a s  measured i n  the  r ep lace -  

ment bottom used f o r  the  l a s t  11 runs .  However, t h i s  hlgh. r a t e  i s  

ques t ionable  because o f  t h e  accuracy of the  measuring device and the  l a r g e  
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v a r k t i o n  I n  the o r i g i n a l  w a l l  th ickness  of t he  r.eplacenient bottom. A l s o ,  

t h e r e  is some i n d i c a t i o n  both i.n t h i s  vessel and i n  prev-ioms hydro f luo r i -  

nators2' t h z t  t h e  cor ros ion  rate decreases  a f t e r  Yne f i rs t  few runs.  The 

maximum r a t e  i n  t h e  remainder o f  t h e  v e s s e l  a f t e r  40 r u n 6  was 0.028 m i l / b r  

of exposure t o  HF (8.1. mils/rnonth of exposure t o  molten s a l t ) ,  

'!The maximum p i t t i n g  a t t a c k  measured i n  t h e  hydrofl i lor ina- tor  was 10 

m L l s  a f t e r  11.1 runs and 20 mils a f t e r  40 runs .  While the:;e l i x i t e d  data 

a r e  no t  su f f i c i en t ,  t o  determine t'ne r a t e  of  pi-t  grovth,  a value o f  0 .5  

mil/run appears  reasonable  f o r  estj-mating t h e  l i f e  expectancy o f  the 

v e s s e l .  

Rased on the maximum rate  of  0.14 mil /hr  o f  IIF exposinre, t l i e  bulk 

meta l  l o s s  during a normal -run (24 h r  of  exposuxe) would be 3.1 mils. 

ass impt ion  that a p i t t i n g  a t t a c k  o f  0 .5  mil/r.un occurred a t  t h e  same 

The 

l o c a t i o n  as the maximum bu lk  m e t a l  loss would g ive  a t o t a l  loss o f  3.6 

mils/run. 'The hydro f luo r ina to r  'was cons t ruc ted  wit'n a 125-mi1 corros ion  

allowance, of which about  100 mils s t i l l  remain. Therefore t'ne hydrof luor -  

i .nator should be : su i tab le  for a t  l e a s t  28 iriore runs .  According t o  the  

l o s s  rate f o r  bulk metal,  0.028 rnil/hr of exposure t o  HF, which was t h e  

maximum observed i n  t h e  o r i g i n a l  v e s s e l  a f t e r  110 runs,  Lhe es t imated  l i f e  

would be 85 a d d i t i o n a l  runs .  

Corrosion results from the  Mark TI1 f l u o r i n a t o r  during zirconium f u e l  

processing appear  t o  be c o n s i s t e n t  v i t h  previous r e s u l t s  from t'ne Mark I 

and Mark I1 f l u o r i n a t o r s .  *' A l l  t h r e e  were made o f  Nickel  201; however, 

the  Mark I a n d  Mark I1 f l u o r i n a t o r s  were opera ted  i n  the 540-to-730"C 

temperature  range and w i t h  ail Nay-ZrF s a l t  conta in ing  about 11 w t  $J UF 

whi le  t h e  Mark 111 f l u o r j n a t o r  w a s  opera ted  a t  about  500°C wi th  ;til NaF- 

LiF-ZrF4 s a l t  conta in ing  less  thari 1 vt  

It' 4 

UF4. The maximum cor ros ion  
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r a t e s  observed. i n  the  Mark 1 and Mark IS f l u o r i n a t o r s ,  inc luding  i n t e r n a l  

and e x t e r n a l  i n t e r g r a n u l a r  corrosion,  was 1 . 2  and 1.1 mils /hr  of  F2 expo- 

sure ,  r e spec t ive ly .  ‘L’he maximum ra.te occurred i n  the  vapor s e c t i o n  i n  the  

Mark I vessel.  and i n  the  sa l t - con ta in ing  region i n  the  Mark IT. 

The maximum cor ros ion  r a t e  observed f o r  t‘ne Nickel 201 i n  the  Mark 

111 f l u o r i n a t o r  was 0.9 mi l /hr  ,of F2 i n  t h e  vapor region.  

based on wal l - th ickness  measurements made a f t e r  t h e  f i r s t  1 4  runs and 

r ep resen t s  on ly  b u l k  metal  l o s s  s ince  there  has been no me ta l lu rg ica l  

examination o f  t h e  metal  i n  the  vapor reg?-on of  t h e  v e s s e l .  Speci.m.ens 

removed from the lower f l u o r i n a t o r  wall. ( t h e  s a l t - c o n t a i n i n g  reglion) a f t e r  

29 runs had a, maximum corros ion  r a t e  of  0.56 mi l /hr  of  F2, includi-ng i n -  

terrial and e x t e r n a l  i n t e r g r a n u l a r  a-ttack.. P i t t i n g  up t o  10 m i l s  deep w a s  

observed i n  t h e  vapor s e c t i o n  of  t h e  f l u o r i n a t o r  a f t e r  1 4  runs .  

This r a t e  was 

The s e l e c t i v e  cor ros ion  of  weld f i - l l e r  metal  61. observed a f t e r  29 

runs w a s  due p r imar i ly  t o  t h e  n i t r i c  acid-aluminum n i t r a i e  s o l u t i o n  used 

f o r  c leaning  the system. I t s  use f o r  f l u o r i n a t o r  c leaning  has  been d is -  

cont inued.  Corrosion-rod d a t a  i n d i c a t e  t h a t  while  weld f i l l e r  metal  61 

has a h igher  bulk metal. l o s s  r a t e  than  Nickel  201 i n  the  normal f l u o r i n a -  

t o r  environment it has a lower t o t a l  cor ros ion  rate because o f  t he  low 

r a t e  of  i -n te rgranular  a t t a c k .  It i s  t h e r e f o r e  f e l t  tha,t cor ros ion  of  

weld f i l l e r  metal  61 w i l l  no t  be the  l i m i t i n g  f a c t o r  i.n the  l i f e  o f  t he  

f l u o r i n a t o r .  

Addi t iona l  cor ros ion  d a t a  would he r equ i r ed  from t h e  vapor region of  

t h e  Mark I11 f l u o r i n a t o r  i n  o rde r  t o  determine the  maximum t o t a l  cor ros ion  

raie of  t h e  ves se l ;  however, a r a t e  of  1 .2  mik/hr of  F2 exposv-re appears 

.to be a reasonable  es t imate ,  based on p a s t  experience and on t he  maximim 
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bulk meta l  l o s s  measured a f t e r  14 runs,  0.9 mil /hr  o f  F 

Mark 111 f luo r ima to r  w a s  b u i l t  ~ i . L l r i  a corrosior i  allowance o f  175 m i l s .  

So far, i t  has been exposed t o  76.4 h r  o f  F 

niaxirnum corrosi.o:n rate o f  1 . 2  rnil/hr o f  F 
2 ,  

of co r ros ion  allowance remaini-ng a f t e r  t h e  40-rum zirconium program. 

r a sed  on a 2-hr f l u o r i n e  sparge per run ( co r ros ion  rate, 2 .4  mi ls / run) ,  

t he  es t imated  l i f e  of the f l i i o r i n a t o r  would be 34 a d d i t i o n a l  runs .  

exposure.  The 
2 

a t t a c k ,  and., a t  an  es t imated  2 

t he re  would be about  83 mils 

!&sed 

on the f luor jne- induced  co r ros ion  obta ined  from specimens c u t  from the  

lower f l u o r i n a t o r  w a l l  a f t e r  29 runs,  0.56 mjl /hr  of F2 exposure, t h e  

es t imated  l i f e  of t h e  v e s s e l  T ~ 0 U l d  be 1 L ' i  addi t ion . i l  runs. 

Future co r ros ion  information i s  expected t o  be obtai-ned from con- 

t i nued  p e r i o d i c  examinations of t he  hyd-rof luorinator  and f l u o r i n a t o r  

v e s s e l s  and from m e t a l l u r g i c a l  examinations when they are removed from 

the  process  a t  t h e  end o f  t h e i r  u s e f u l  l i f e .  

Data obta ined  from cor ros ion  rods and from l a b o r a t o r y  s tudi-es  a t  BMI 

7,25, 26, 2'7,28 i n d i c a t e  that  INOR-8 arid HyMu-80 show promise of 
and ORNL 

improved performance over Nickel  201 f o r  f u t u r e  f l u o r i n a t o r  cons t ruc t ion .  
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Table 1A. Analyses of HF from the  Hydrof luor ina tor  Vapor Generator" 

b 
Composition of HF' 

Run Mumber Run Number 
Cornponeat T-2 T-6 

HI? 

H2° 
s 
Zr 

N a  

I, i 

Cr 

140 

N i 

cu  

Sn 

Fe 

m 
S i  

98.9 - w t  $ 

< 50 

1.0 wt % 

C 

10 

c 

0.5 

C 

2 

5 
C 

5 
0.8 

1 

a 

bAnalyses given i n  ppm ~lnless s t a t e d  otherwise.  

From O€WL-CY-60-12-19. 

C 
Below l i m i t  of d e t e c t i o n .  

Table 2A. Analyses of Fluorine" 

2 o and/or N 
2 

b HF 

a 
Three-month average - p r i v a t e  co~~lr~iiiriication, W. H. Taylor,  Oak Ridge 
Gaseous Diffusion Plmi t ,  May 28, 11364. 
'Fluorine w a s  passed through a NaF t r a p  t o  remove HF before  being used 

i n  -the f l u o r i n a t o r .  
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O R N L D w g  64-3378 

I I I I  1 I I I I 1  ! ! I  I I I I  I I  
5500 0.3600 0.3700 0.3800 0.3900 0.41 IO0 

WALL  THICKNESS (inch) 

Fig.  IA. Duplicate Measurements Made i n  the Hydrof luor ina tor  t o  

I n d i c a t e  the P r e c i s i o n  of the Pulse-Echo 'Technique. 
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ORNL D w q  64-3379 R-l 
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O R N L  D w g  64-3380 R-I 

ORIGINAL WALL THICKNESS 
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0 2000 0 3000 0 4000 0 5000 0.6000 

W A L L  THICKNESS (inch) 

Fie;. 3A. Hydrofluoririator W~ll-Thickncsses Before aid A f t e r  40 

Z i r c v i i i u m  Runs (Nortli Wall). 
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00 

Fig. 4A. Hydrofluorinator Wall Thicknesses Before and A f t e r  40 

Z i r c o n i u m  H u n s  (South W a l l ) .  
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ORNL Dwg 64-33f 
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I 

WALL THICKNESS (inch) 

Fig. 5A. Hydrofluorinator Wall-Thicknesses Before and After 40 

Zirconium R u n s  (East Wall) I 
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O R N L  Dug 64-3382 R I  
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00 

Fig .  6A. Hydrofluorinator Wall Thicknesses Before and A f t e r  40 

Zirconium Runs (West W a l l ) .  
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