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COMPATIBILITY STUDIES OF POTENTIAL MOLTEN-SALT BREEDER 
REACTOR MATERIALS I N  MOLTEN FLUORIDE SALTS 

J. R. Keiser 

ABSTRACT 

This  r e p o r t  summarizes t h e  molten f l u o r i d e  salt  c o m p a t i b i l i t y  
s t u d i e s  c a r r i e d  o u t  during t h e  period 1974-76 i n  support  of 
t h e  Molten-Salt Reactor Program. 
c i r c u l a t i o n  loops w e r e  used t o  measure t h e  co r ros ion  ra te  of 
s e l e c t e d  a l l o y s .  R e s u l t s  confirmed t h e  r e l a t i o n s h i p  of t i m e ,  
i n i t i a l  chromium concen t r a t ion ,  and mass l o s s  developed by 
previous workers. 
Has t e l loy  N modified by t h e  a d d i t i o n  of 1-3 w t  % Nb were w e l l  
w i t h i n  t h e  accep tab le  range f o r  u se  i n  a n  MSBR. 

Thermal-convection and forced- 

The co r ros ion  rates of Has te l loy  N and 

INTRODUCTION 

The purpose of t h i s  r e p o r t  is  t o  summarize t h e  c o r r o s i o n  s t u d i e s  

c a r r i e d  o u t  f o r  t h e  Molten-Salt Reactor Program during t h e  per iod 

September 1974 through May 1976. These s t u d i e s  were intended t o  determine 

t h e  c o r r o s i o n  r e s i s t a n c e  of p o t e n t i a l  Molten-Salt Breeder Reactor contain-  

ment v e s s e l  materials i n  molten f l u o r i d e  sa l t .  The nickel-base a l l o y  

Has te l loy  N w a s  used s u c c e s s f u l l y  f o r  t h e  containment v e s s e l  of a n  

experimental  molten-sal t  r e a c t o r ,  t h e  Molten-Salt Reactor Experiment. 

However, t h e  discovery of i r r a d i a t i o n  embrit t lement and g r a i n  boundary 

embri t t lement  by t h e  f i s s i o n  product t e l l u r i u m  l ed  t o  a program t o  

develop a n  a l l o y  t h a t  would be s u f f i c i e n t l y  r e s i s t a n t  t o  t h e  cond i t ions .  

To ensure t h a t  any new o r  modified a l l o y  would have a h igh  r e s i s t a n c e  

t o  c o r r o s i o n  by t h e  f l u o r i d e  s a l t ,  salt-metal c o r r o s i o n  s t u d i e s  w e r e  

made. Materials i n v e s t i g a t e d  inc lude  Has te l loy  N ,  chromium and niobium 

modi f i ca t ions  of Has te l loy  N ,  Inconel  601, and type  316 s t a i n l e s s  steel. 

The s t a i n l e s s  steel w a s  t e s t e d  i n  LiF-BeF2 (65-35 mole X), and t h e  o t h e r  

a l l o y s  were t e s t e d  i n  MSBR f u e l  s a l t ,  LiF-BeFz-ThF4-UFb 

(7  2-16-11.7-0.3 mole %) . 
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Previous reserachers ’  ’ have measured t h e  co r ros ion  r e s i s t a n c e  of 

Has te l loy  N and two t y p e s  of s t a i n l e s s  s tee l  i n  v a r i o u s  f l u o r i d e  s a l t  

mixtures .  Their  work h a s  shown a multicomponent a l l o y  i s  corroded by 

t h e  ox ida t ion  and removal of t h e  leas t  noble  component. For Has te l loy  N ,  

the least noble component i s  chromium. F luo r ide  sal ts  can o x i d i z e  

chromium by r e a c t i o n  wi th  i m p u r i t i e s  i n  t h e  s a l t  such as HF, NiF , ,  and 

FeF2 and by r e a c t i o n  wi th  c o n s t i t u e n t s  of t h e  sa l t .  Impurity r e a c t i o n s  

<vpec ted  are  

2HF + C r  * CrF2 + H2 (1) 

and 

FeF2 + C r  * CrF2 + Fe . 

The sa l t  c o n s t i t u e n t  UF4 can g ive  t h e  r e a c t i o n :  

2UF4 + C r  =+ CrF2 + 2UFs . ( 3 )  

I f  sa l t  conta in ing  UFI, and a small amount of i m p u r i t i e s  i s  put  i n t o  

a f las te l loy  N system i n  which t h e  s a l t  c i r c u l a t e s  nonisothermally,  

chromium w i l l  i n i t i a l l y  b e  removed from a l l  p a r t s  of t h e  system because 

of r e a c t i o n  wi th  both impur i t i e s  and U F 4 .  The impuri ty  r e a c t i o n s  a r e  

expected t o  go t o  completion f a i r l y  r a p i d l y  so  t h a t  they w i l l  have a n  

e f f e c t  on ly  on the  short- t ime co r ros ion  r e s u l t s .  On t h e  o t h e r  hand, 

s i n c e  t h e  equi l ibr ium cons tan t  f o r  r e a c t i o n  (3) is a f u n c t i o n  of tempera- 

t u r e ,  t h i s  r e a c t i o n  provides  a means f o r  t h e  cont inuous t r a n s f e r  of 

‘J. W. Koger, A l l o y  compatibilit$ w i t &  LiF-BeF2 Salts Containing 

‘5. H .  DeVan, Effect of Alloying Additions on Corrosion Behavior of 
YhF4 and UF4 ORNLITM-4286 (December 1972).  

LVickel-Molybdem A l l o y s  i n  Fused Fluoride Mixtures M . S .  Thes is ,  Univers i ty  
of Tennessee, August 1960. 



chromium from 

rire amount of 

shown t o  be :  

t h e  h o t t e r  s e c t i o n s  of t h e  system t o  the  coo le r  s e c t i o n s .  

chromium, &kf, removed from a u n i t  area of s u r f a c e  can  h e  

where B i s  a temperature-dependent cons t an t ,  Yn0 i s  t h e  i n i t i a l  zoncentrn- 

t i o n  of chromium i n  t h e  a l l o y ,  and L" i s  t h e  d i f f u s i v i t y  of chrorlium i n  

t h e  a l l o y .  

t o  be t h e  d i f f u s i o n  of chromium i n  t h e  metal when Has te l loy  N is the  

a l l o y  cons idered .  I f  o t h e r  s t r o n g  f l u o r i d e  formers  - such as T i ,  Nb, 

or A l -  a re  p r e s e n t  i n  t h e  a l l o y ,  mass t r a n s f e r  of t h e s e  elements would 

be  expected t o  occur  by t h e  same mechanism as discussed  above. 

The l i m i t i n g  s t e p  f o r  t h i s  m a s s  t r a n s f e r  has  been sh,>wn 

EXPERIMENTAL METHODS 

Our co r ros ion  s t u d i e s  have been c a r r i e d  o u t  i n  f i v e  thermal- 

convec t ion  loops  and one fo rced -c i r cu la t ion  loop. F igures  1 and 2 

show schematic drawings of  t h e s e  loops .  

around a system a c r o s s  which a temperature  g r a d i e n t  i s  maintained.  For 

most of t h e s e  loops  t h e  temperature  l i m i t s  were na in t a ined  a t  7 0 4  and 

566°C (1300 and 1050°F) ,  t h e  proposed maximur. and minimum temperatures  

f o r  t h e  f u e l  s a l t  of a n  MSBR. Other important  f e a t u r e s  of t hese  l o o p s  

are  t h e  removable c o r r o s i o n  specimens and the accesses t o  the s a l t  t o  

permit  i n s e r t i o n  of e l e c t r o d e s  f o r  c o n t r o l l e d - p o t e n t i a l  voltammetry. 

Voltammetric measurements, which were made by members of t h e  Ana ly t i ca l  

Chemistry Div is ion ,  allowed u s  t o  make on-l ine de te rmina t ions  of t h e  

o x i d a t i o n  p o t e n t i a l  and c o r r o s i o n  product  concen t r a t ion  of t h e  s a l t .  

De ta i l ed  exp lana t ions  of voltammetry are  avai lable  elsewhere.  3 9  

The ope ra t ing  cond i t ions  €o r  each of t h e  loops  .ire descr ibed  i n  Table  1. 

These loops  c i r c u l a t e  s a l t  

3M. W. Rosenthal ,  P.  N. Haubenreich, P.  B .  Briggs,  Comps., The 
Development Status of Molten Salt Breeder Reaeters., ORNL-4812 
(August 1 9 7 2 )  pp. 153-57. 

45. R. Keiser, J. H. PeVan, and D. L. Manning, The 2orrosio.l !?eS<St- 

a w e  of Type 3lr '  Stainl't>ss S t e e l  to  LizFeF4, L1RNL/TM-5782 (Apr i l  1 9 7 7 ) .  
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STANDPIPE K 
L T W N  BALL VALVES 

CLAMSHELL 
HEATERS 

SAMPLER 

Fig, 1, Schematic of Thermal-Convection 
Loop, Scale is 0.15 m. Height shown is 0.76 m. 
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FREEZE VALVE 

(TYPICAL) 

CORROSION SPECIMENS 

HEATER LUGS (TYPICAL)- 

/-RESISTANCE HEATED SECTION NO. 2 

FLOW RATE = - 4  g p m  
VELOCITY = -io f p s  IN %-in. TUBING 

REYNOLDS NO. = 6600 TO 14,000 

Fig .  2. Schematic of Molten-Salt Forced-Convection Corrosion Loop MSR-FCL-2 b. 
Flow rate X 0.25 l i t e r / s e c ;  v e l o c i t y  % 3 m/sec i n  13-mm tubing;  loop tubing i s  
13-mm OD by 1.07-mm w a l l ;  d r a i n  and f i l l  l i n e  i s  6.4-mm OD by 0.9-mm w a l l .  



Table 1. Loop O p e r a t i n g  C o n d i t i o n s  

__ ___ - _ _  _.__ __ 

O p e r a t i n g  
'1 e m p e r a t u r e ,  O r .  

_. . . - - __ S a l t  Loop 
Loop 

Material 
Specimen 
Material 

L 

-. -. . . - 

1 .  

2 .  

1 .  

2 .  

1. 

2. 

1. 

L .  

P u r p o s e  

'I'hernhl-C :, L' * - o: ,  T L . . ~ ,  __.____ -- 

H a s t e l l o y  N ,  MS BR I04 
1%-Nb-mod H a s t e l l o y  N F u e l  

2 1 A  H a s t e l l o y  N 5b6 

566 

550 

493 

566 

566 

A n a l y t i c  method 
development  

aast -: i n e  c o r r o s i o n  d a t a  

23 'Lriconel 601 I n c o n e l  601 MSBR , 0 4  
F u e l  

G r a p h i t e  MSBR C,'i 7 

Type 316 S t a i n l e s s  S t e e l  l , i 2 H e P 4  6 4 4  

F u r l  

Measure c o r r o s i o n  r a t e  
O f  high-CK d l 1 ~ ) y  
( I r i cone l  601) 

:If. , R e a c t i o n  
I n v e s t i g a t e  G r a p h i t e  

31 'Type 31.6 S t a i n l e s s  S t e e l  Neasu re  c o r r o s i o n  r a t e  
of  t y p e  316 s t a i n l e s s  
s t e e l  i n  p o t e n t i a l  
c o o l a n t  s a l t  

I n v e s t i g a t e  e f f e c t  of 
Be a d d i t i o n  t o  sa l t  

24 

L 8 C  

H a s t e l l o y  N 

H a s t e l l o y  N 

7X-Cr-mod H a s t e l l o y  N ,  MSBK 
lZ%-Cr-mod H a s t e l l o y  N ,  F u e l  

3.4%-Nb-mod H a s t e l l o y  N 

7 04 Pleasure C U . C K U b l V I I  rate 
of m o d i f i e d  H a s t e l l n y  N 
a l l o y s  

10%-Cr-mod H a s t r l l o y  N, MSBR 
l5%-Cr-mod H a s t e l l o y  N Fuel  

704 ? leasu re  corr"-:on r a t e  
..~f m.id I f ;ct: ias t e l l o y  N 
a l l o y s  

~ - I _ _  Forced-Circl i la t ic i r ;  L u 2 -  

FCL-2B H a s t e l l o y  N H a s t e l l o y  N ,  MSBK 104 566 I . Sase-7 i n e  c o r r o s i o n  d a t a  
1%-Nb-mod H a s t e l l o y  N F u e l  i n  n i g h - v e l o c i t y  s a l t  

___ __I_____ ___. --.___--___I_ - - ____ 
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EXPERIMENTAL RESULTS 

Thermal-Convec t ion  Loop 21A 

Has te l loy  N loop NCL 21A w a s  t h e  f i r s t  loop t o  be pu t  i n t o  operati . . ,n 

when t h e  Molten-Salt Reactor Program w a s  resumed i n  1974. A s  such, t h t  

loop w a s  used t o  o b t a i n  base- l ine c o r r o s i o n  d a t a  f o r  Has te l loy  N and t o  

provide a test bed f o r  voltammetry measurements of MSBR f u e l  s a l t .  The 

voltammetry r e s u l t s  showed t h a t  t h e  o x i d a t i o n  p o t e n t i a l  as r e f l e c t e d  

by t h e  U(IV)/U(IIL) r a t i o  remained q u i t e  high throughout t h e  1 7 . 5  months 

of ope ra t ion .  

contained t h e  most ox id i z ing  s a l t  of a l l  t h e  loop experiments.  

I n  f a c t ,  w i t h  a U(IV)/U(III)  r a t i o  of about l o 4  l o o p  21A 

The f i r s t  spccimens used i n  t h i s  loop were made of Has te l loy  N 
and were removed f o r  examination about  every 2500 h r .  

t h e  weight chang? as a f u n c t i o n  of t h e  exposure t i m e  f o r  t h e s e  specimens 

f o r  up t o  10,000 h r  i n  sa l t .  From t h i s  f i g u r e  t h e  rate of t h e  weight 

change c l e a r l y  decreased w i t h  t i m e .  

i n  weight varies as t h e  square r o o t  of t i m e ,  as p red ic t ed  from Eq. ( 4 ) .  

Figure  3 shows 

Figure 4 shows t h a t  t h e  change 

ORNL-DWG 77 -3820 

0 

B a - 2  

-3 

0 2000 4000 6000 8000 l0,OOo 
EXPOSURE TIME [ hr) 

Fig. 3 .  Weight Change vs Exposure T i m e  f o r  Has te l loy  N Specimens 
Exposed t o  MSBR Fuel  Salt a t  566, 635 ,  and 704OC i n  Thermal-Convection 
Loop 21A. 
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-3.0 
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(EXPOSURE TIME;’* 
Fig.  4 .  Weight Change vs Square Root of Exposure T i m e  f o r  

Has te l loy  N Specimen Exposed t o  MSBR Fuel  S a l t  a t  69OOC i n  Thermal- 
Convection Loop 21A. 

Specimens t h a t  had been exposed f o r  7500 h r  i n  t h e  h o t t e s t  and c o l d e s t  

p a r t s  of t h e  loop were examined me ta l log raph ica l ly .  

Fig.  5 t h e  p i t t i n g  on t h e  higher  temperature  specimen w a s  l i m i t e d  t o  

about  5 pm, i n d i c a t i n g  t h a t  t h e  e f f e c t  of t h e  s a l t  w a s  r e l a t i v e l y  mild.  

Following t h e  10,000-hr exposure of s t anda rd  Has te l loy  N ,  loop 21A 

A s  i s  ev iden t  i n  

w a s  used t o  test specimens of 1%-Nb-modified Has te l loy  N (experimental  

h e a t  522). 

b e f o r e  a power supply malfunct ion terminated t h e  experiment, b u t  t h e  

short- t ime c o r r o s i o n  r e s u l t s  (Table 2) compare ve ry  f avorab ly  w i t h  

r e s u l t s  f o r  s t anda rd  Has te l loy  N. 

Only a s h o r t  exposure w a s  achieved w i t h  t h e s e  specimens 
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Fig. 5. Hastelloy N Exposed to  MSBR Fuel S a l t  for 7500 hr at 
(a) 704 and (b) 566°C. 500X. 

Table 2. Hastelloy N Corrosion Rate Measurements from Loop 21A 

Corrosion Rate, mg cm’2 year”, a t  Each 
Exposure Temperature 

566OC 635OC 704OC 

Standard 10,009 +l. 17 +O. 39 -3.09 

1% Nb Modified 1,004 0.0 -0 .25  -3.30 

To tal 
Alloy Exposure 

(hr 1 
- 
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Thermal-Convection Loop 23 

The observation t h a t  t h e  high-chromium a l l o y  Inconel 601 (23 w t  % C r )  

r e s i s t ed  intergranular  a t t a c k  by te l lur ium led  t o  the  construct ion of a 
thermal-convection loop t o  determine how severe t h e  corrosion by MSBR 

f u e l  sa l t  would be. 

techniques were used t o  follow t h e  change i n  t h e  U(IV)/U(III) r a t i o  

as an ind ica t ion  of t he  extent  of the  i n i t i a l  reac t ion  between chromium 

After the  new loop w a s  f i l l e d  with salt,  v o l t a m e t r i c  

and UF4. The U ( I V ) / U ( I I I )  r a t i o  decreased very rapidly,  dropping t o  

about 40 within a few days, meaning that considerable reac t ion  was  
probably occurring between t h e  sa l t  and t h i s  Inconel 601 loop. 

601 specimens exposed 721 h r  a l l  showed a weight l o s s ,  and that shown 

by the  h o t t e s t  specimen w a s  v 

t h e  material l o s t  by the  h o t t e s t  specimens w a s  not  removed uniformly from 

the  surface,  but  resu l ted  i n  t h e  formation of t he  porous surface s t ruc tu re  

shown i n  Fig. 6. As shown i n  Fig. 7, e lec t ron  microprobe examination 

of t h i s  specimen showed high thorium concentration i n  the  pores. 

t he  only known source of thorium was  t he  ThF4 contained i n  the  sal t ,  t he  

sal t  l i k e l y  penetrated the  pores. Continuous l i n e  scans made with the  

microprobe f o r  t he  elements N i ,  C r ,  and Th, shown i n  Fig. 8, c l e a r l y  show 

the  deplet ion of chromium near the  surface.  These r e s u l t s  provide 

fur ther  evidence of t he  presence of thorium i n  the  pores. 

ca lcu la t ions  provide another piece of evidence ind ica t ing  t h a t  sa l t  

must have penetrated the  pores. 
of 23 w t  %, microprobe measurements' determined a chromium concentration 

nf 6.6 w t  % a t  the  surface of t he  specimen i n  Fig. 6. 

t ions,  a deplet ion depth of 80 rn taken from Fig. 8, and d i f fus ion  values 

taken from Evans, Koger, and DeVan, 

would hawe t o  be  near ly  1000 times grea te r  co a t t a i n  t h i s  concentration 

p r o f i l e  as a r e s u l t  of bulk d i f fus ion  alone a t  704OC. 

Inconel 

l a r g e  (>30 mg cm'2 year"). Furthermore, 

Since 

Diffusion 

Based on the  bulk chromium concentration 

From these concentra- 

w e  ca l cu la t e  that the  exposure time 

To obta in  t h i s  

'R. S. Crouse, OWL, Pr iva te  Communication, Ju ly  1975. 

6R. B. Evans 111, J. W. Koger, and J. H. DeVan, Comoswn i n  
P o Z y t h e m Z  b o p  Systems II. 
and Without Liquid F i l m  Ef fects ,  ORNL-4575, Vol. 2 (June 1971). 

A Solid State  Diffuswn Mechanism With 
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. F i g .  6. Inconel 601 Exposed to  MSBR Fuel Salt for 721 hr a t  704OC. SOOX. 

Y = 1 3 1 294 

Backscattered Electrons ThMa X-Rays 
Fig. 7. Electron-Beam Scanning Images of Inconel 601 Exposed to  MSBR 

Salts for 720 &.at  7 0 4 O C .  
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Fig. 8. Microprobe Continuous Line Scan Across Corroded Area i n  
Inconel 601 Exposed t o  MSBR S a l t  f o r  720 h r  a t  704OC. 

p r o f i l e  with an exposure time of 721 h r  t he  exposure temperature would 

have t o  be about 1000°C, nearly 3OOOC higher than it  was .  Thus, t o  

e s t ab l i sh  the  gradient  t h a t  was  observed, salt w a s  most l i k e l y  present 

i n  the  pores t o  provide a short-circui t  path f o r  removal of t h e  chromium. 

Examination of a specimen from the  coldest  p a r t  of t he  loop revealed 

surface deposits,  shown i n  Fig. 9, which w e r e  i den t i f i ed  by microprobe 

ana lys i s  as chromium. 

would be unsuitable f o r  use i n  a molten-salt breeder reactor .  
The conclusion from t h i s  test is  t h a t  Inconel 601 

Fig. 9. Inconel 601 Exposed t o  MSBR Fuel S a l t  f o r  721 h r  at 570OC. 500x. 
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It i s  expected t h a t  t h e  lower l i m i t  f o r  t h e  U(IV)/U(III)  r a t i o  

i n  a n  MSBR w i l l  b e  determined by t h e  cond i t ions  under which t h e  r e a c t i o n  

4UF3 + 2C =+ 3UF4 + UC2 (5) 

proceeds t o  t h e  r i g h t .  

i n  l oop  23 had decreased t o  less  than  6, w e  decided t o  t r y  t o  reproduce 

t h e  r e s u l t s  of Toth and G i l p a t r i ~ k , ~  shown i n  F ig .  10,  which p r e d i c t  

t h a t  UC2 should b e  s t a b l e  a t  t h e  lowest  temperatures  t h a t  could be  

maintained i n  t h i s  l o o p ,  545550°C. However, g r a p h i t e  specimens ex- 

posed t o  t h e  s a l t  f o r  530 h r  d i d  n o t  show any evidence of U C 2 .  S ince  

t h e  specimens used were made of p y r o l y t i c  g r a p h i t e ,  t h e  h igh  d e n s i t y  of 

t h e  material l i k e l y  l i m i t e d  con tac t  of t h e  sa l t  and g raph i t e .  The exper- 

iment w a s  repea ted  by exposing a less  dense g r a p h i t e  f o r  530 h r ,  

7L. M. Toth and L. 0. G i l p a t r i c k ,  The Equilibrium of Dilute UF3 

Because t h e  U(IV)/U(III)  r a t i o  of t h e  salt  

Solutions Contained i n  Graphite, ORNL/TM-4056 (December 1972). 

ORNL-WG 72-42324 
TEMPERATURE ('C) 

4 . 3 0  4.25 4 . 2 0  '4.15 1.10 4 . 0 5  4.00 

'-/T (*lo 

Fig .  10.  Equi l ibr ium Quot ien ts ,  &? = (UF3)4/ (UF~)3 ,  Versus Temperature 
f o r  UC2 + 3UF+(d + 4UF3(d) + 2C i n  t h e  Solvent  LiF-BeF2-ThFs 
(72-16-12 mole % 
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then checking t h e  g r a p h i t e  s u r f a c e  f o r  t h e  presence of a new phase by 

x-ray d i f f r a c t i o n .  A new phase w a s  found, and i t  w a s  t e n t a t i v e l y  i d e n t i -  

f i e d  by 0. B. Cavin as U02. I f  indeed t h i s  compound w a s  U02, i t  probably 

r e s u l t e d  from a uranium f luoride-water  r e a c t i o n ,  bu t  i t  could have come 

from t h e  hydro lys i s  of U C 2  t h a t  had been formed by r e a c t i o n  ( 5 ) .  

t h e  b a s i s  of information from L. M. Totha t h a t  n u c l e a t i o n  of UC2 under 

our o p e r a t i n g  cond i t ions  could be ve ry  slow, a longer  exposure w a s  

undertaken. Two specimens of t h e  less dense g r a p h i t e  were exposed f o r  

about 3000 h r  a t  a minimum temperature of 555OC i n  sa l t  i n  which t h e  

U(IV)U/(III)  r a t i o  had dropped t o  about 4 .  However, x-ray a n a l y s i s  of 

t h e s e  specimens showed no evidence of a phase o t h e r  t han  t h e  sa l t  and 

g r a p h i t e .  No f u r t h e r  i n v e s t i g a t i o n s  were c a r r i e d  o u t  because of t h e  

t e rmina t ion  of t h e  program. 

On 

Thermal-Convection Loop 31 

Thermal-convection loop 31  i s  cons t ruc t ed  of type 316 s t a i n l e s s  steel ,  

has type 316 s t a i n l e s s  s teel  specimens, and has  been used f o r  c o r r o s i o n  

measurements w i th  one of t h e  a l t e r n a t i v e  coo lan t  salts ,  LiF-BeF2 

(66-34 mole X). For t h e  f i r s t  1000 h r  of o p e r a t i o n  t h i s  loop w a s  used 

t o  ga the r  base - l ine  co r ros ion  d a t a  wi th  as-received sa l t ,  which contained 

a r e l a t i v e l y  high c o n c e n t r a t i o n  of impuri ty  FeF2. A s  shown i n  Fig.  11, 

f a i r l y  s i g n i f i c a n t  weight changes occurred i n  t h e  specimens, e s p e c i a l l y  

du r ing  t h e  f i r s t  500 h r .  

t h e  h o t t e s t  and c o l d e s t  p o s i t i o n s  showed, r e s p e c t i v e l y ,  p i t t i n g  and 

depos i t i on ,  as i s  apparent  i n  F ig .  1 2 .  E l e c t r o n  microprobe examination 

of t h e  d e p o s i t s  i n d i c a t e d  they were predominately i r o n ,  and w e  expect  

t h a t  t h e  d e p o s i t i o n  occurred as a r e s u l t  of r e a c t i o n  ( 2 ) .  

ana lyses  and v o l t a m e t r i c  measurement of t h e  FeF2 and CrF2 concen t r a t ions  

of t h e  sa l t  du r ing  t h e  f i r s t  1000 h r  support  t h i s  i dea .  

Metal lographic  examination of specimens from 

Bulk sa l t  

To l e a r n  i f  a d d i t i o n  of a r e d u c t a n t  t o  t h e  s a l t  would dec rease  

t h e  impuri ty  l e v e l  and consequently lower t h e  c o r r o s i o n  rate,  beryl l ium 

w a s  added t o  t h e  s a l t .  New specimens were then  i n s e r t e d ,  and t h e  c o r r o s i o n  

rate w a s  measured f o r  s t a i n l e s s  s t ee l  i n  t h i s  ' 'reducing" s a l t .  A s  long 

'L. M. Toth, p r i v a t e  communication. 
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1-157150 
ORNL-WG 76-3496 s.0, 

F i g .  11. 
S t e e l  Exposed 

Weight Change vs Exposure Time for Type 316 S t a i n l e s s  
to LiF-BeF2. 

F i g .  12. Type 316 S t a i n l e s s  S t e e l  Exposed to  LiF-BeF2 for 1000 hr 
at (a) 650 and (b) 5 1 0 O C .  500X. 
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as t h e  beryl l ium rod w a s  i n  t h e  sa l t ,  t h e  c o r r o s i o n  rate w a s  extremely 

low. This  is shown i n  Fig.  11 f o r  t h e  f i r s t  500 h r  a f t e r  t h e  a d d i t i o n  

of beryl l ium. Af t e r  removal of t h e  beryl l ium, t h e  specimen i n  t h e  h o t t e s t  

p o s i t i o n  showed a p a t t e r n  of i n c r e a s i n g  weight l o s s  as a f u n c t i o n  of 

t i m e .  This  most probably occurred because, once t h e  sou rce  of beryl l ium 

w a s  removed, t h e  s p e c i e s  i n  t h e  sa l t  were no longer  i n  equ i l ib r ium and 

t h e  sa l t  became p r o g r e s s i v e l y  more ox id iz ing  wi th  i n c r e a s i n g  t i m e ,  

e s p e c i a l l y  as moisture  would l e a k  i n t o  t h e  system. 

f o r  specimens exposed t o  t h e  "reducing" sa l t  are a l s o  shown i n  Fig.  11. 

Weight change r e s u l t s  

Thermal-Convection Loops 1 8 C  and 24 

Has te l loy  N l oops  18C and 24 w e r e  used t o  determine t h e  e f f e c t  of 

chromium c o n c e n t r a t i o n  on t h e  c o r r o s i o n  ra te  of Has te l loy  N .  

such as s t a i n l e s s  steels and Incone l s  w i th  a r e l a t i v e l y  h igh  chromium 

con ten t  had shown a r e s i s t a n c e  t o  g r a i n  boundary a t t a c k  by t e l l u r i u m  

that seemed t o  be roughly p r o p o r t i o n a l  t o  chromium composition. However, 

i n c r e a s i n g  t h e  chromium con ten t  is, according t o  Eq. ( 4 ) ,  expected t o  

i n c r e a s e  t h e  c o r r o s i o n  t h a t  w i l l  occur because of mass t r a n s f e r ,  From 

t h e s e  tests and t e l l u r i u m  exposure tests we  hoped t o  l e a r n  i f  t h e r e  

is  a n  optimum chromium concen t r a t ion .  

modified Has te l loy  N a l l o y s  con ta in ing  7 ,  10,  and 12% C r .  Each set of 

specimens w a s  exposed i n  one of t h e  loops  f o r  a t o t a l  of 1000 h r ,  w i t h  

weight change measured a f t e r  500 and 1000 h r .  

t h e  weight change r e s u l t s  (Fig.  13) show t h e  dependence on i n i t i a l  chromium 

concen t r a t ion  t h a t  would be expected according t o  Eq. ( 4 ) .  

Alloys 

Specimens were f a b r i c a t e d  from 

Within experimental  e r r o r  

Following completion of t h e  s t u d i e s  wi th  t h e  chromium-modified 

a l l o y s ,  loop 24 w a s  used t o  measure t h e  c o r r o s i o n  rate of 3.4%-Nb-modified 

Has te l loy  N. R e s u l t s  i n d i c a t e  a maximum c o r r o s i o n  rate of less than  

2.20 mg cm-2 year" f o r  a 1500-hr exposure. 
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Fig. 13.  E f f e c t  of Chromium Concentrat ion i n  Modified Has te l loy  N 
on Weight Change A f t e r  1000 h r  i n  MSBR Fuel  S a l t .  

Forced-Circulation Loop FCL-2B 

Forced-c i r cu la t ion  loop FCL-2B w a s  used i n i t i a l l y  f o r  f u e l  sa l t  

chemistry i n v e s t i g a t i o n s .  

were made wi th  s tandard Has te l loy  N i n  sa l t  wi th  a U(IV)/U(III) r a t i o  of 

about 100. Thus, t h e  most s i g n i f i c a n t  d i f f e r e n c e s  between t h i s  loop 

and thermal-convection loop 21A w e r e  t h e  o x i d a t i o n  p o t e n t i a l  of t h e  

sa l t  [%lo2 vs %lo' i n  terms of U(IV)/U(III) r a t i o ]  and the v e l o c i t y  of 

t h e  s a l t  2.5-5 m/sec vs 1 m / m i n ) .  I f  Eq.  ( 4 )  and t h e  i d e a s  t h a t  l e d  

t o  i t s  development are c o r r e c t ,  w e  would expect  t h a t  (1) t h e  only e f f e c t  

of t h e  low U(IV)/U(III) r a t i o  i n  FCL-2B would probably b e  a r e d u c t i o n  

i n  t h e  i n i t i a l  c o r r o s i o n  compared wi th  NCL 21A, and (2)  t h e  h igh  sa l t  

v e l o c i t y  would have no e f f e c t  on mass t r a n s f e r  of chromium s i n c e  t h e  

l i m i t i n g  f a c t o r  is  t h e  d i f f u s i o n  of chromium t o  t h e  s u r f a c e  of t h e  

a l l o y ,  no t  t r a n s f e r  of t h e  chromium from t h e  h o t  t o  t h e  cold p a r t s  of t h e  

system. The r e s u l t s  of t h i s  s tudy,  shown i n  Table 3 ,  i n d i c a t e  a very 

low c o r r o s i o n  rate f o r  t h e  4000-hr exposure. This  test w a s  i n t e r r u p t e d  

several t i m e s  f o r  repairs on t h e  loop  and f o r  h e a t  t r a n s f e r  measurements, 

b u t  t h a t  d id  no t  seem t o  have a d e t r i m e n t a l  e f f e c t  on t h e  r e s u l t s .  

The f i r s t  f u e l  s a l t  co r ros ion  i n v e s t i g a t i o n s  
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A 4000-hr co r ros ion  tes t  of Has te l loy  N i n  f u e l  s a l t  wi th  a 

U(IV)/U(III)  r a t i o  of 1000 w a s  planned. Because of t h e  d e c i s i o n  t o  

t e rmina te  t h e  Molten-Salt  Reactor Program, w e  decided t h e  remaining 

ope ra t ing  time f o r  t h i s  loop  could be  b e s t  spen t  measuring t h e  co r ros ion  

r a t e  of 1%-Nb-modified Has te l loy  N ,  an  a l l o y  t h a t  had shown good r e s i s t a n c e  

t o  t e l l u r i u m  a t t a c k .  Accordingly,  a set of such specimens w a s  prepared 

and i n s e r t e d  i n t o  t h e  loop .  Because of loop  ope ra t ing  d i f f i c u l t i e s  some 

of t h e  weight changes measured a f t e r  500 and 1000 h r  were of ques t ionab le  

va lue .  Measurements made a f t e r  1500- and 2200-hr exposure were of good 

q u a l i t y  and ar.3 summarized i n  Table  3 a long  d i t h  some of t h e  500- and 

1000-hr r e s u l t s .  Included i n  t h i s  t a b l e  f o r  comparison are t h e  r e s u l t s  

f o r  t h e  s tanda-d.  Has t e l loy  N specimens exposed f o r  4309 h r  i n  t h i s  same 

sa l t  and loop.  T t  should be  noted t h a t  t h e  niobium-modified specimens 

gained more weight than  they  l o s t .  Th i s  is  most probably due t o  m a s s  

t r a n s f e r  of i r o n  from t h e  s tandard  Hastel loi-  :J tubing,  which c o n t a i n s  

about  5 w t  % Fe, t o  t h e  modified a l l o y ,  which has  e s s e n t i a l l y  no i r o n .  

Taking i n t o  account  t h e  va lue  a t  which t h e  cci-rosion rate of t h e  modified 

Has te l loy  N seems t o  b e  l e v e l i n g  o u t ,  w e  ex,iect  t h a t  t h e  co r ros ion  resis- 

t ance  of  t h e  12-Nb-modified Has te l loy  N i s  a t  l eas t  as good as t h a t  of 

s tandard  Has te l loy  N .  

Table 3. Corrosion Rate Measurement f o r  Has te l loy  N 
Specimens Exposed i n  FCL-2B 

~ ~~ ~ ~~ 

Corrosion Rate, mg year-', a t  Each Exposure Temperature 
Alloy Exposure 

566OC 635OC 704OC 

Standard 4309 hr 

1%-Nb-Modified f irs t  580 hr 

next  497 hr 

next  496 hr 

next  669 hr 

+0.02 -0 .20  -2.31 

- 0 . 5 2  

- 0 . 3 1  

+l. 69 +2 .31  -0 .38  

- 0 . 4 6  +o. 91 -0.28 
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CONCLUSIONS 

The fol lowing conc lus ions  can be drawn from t h i s  work. 

1. Voltammetry provides  a very convenient means f o r  on-l ine 

measurement of t h e  o x i d a t i o n  p o t e n t i a l  and impuri ty  c o n c e n t r a t i o n  of 

t h e  sa l t .  

2. Inconel  601 would probably n o t  have s u f f i c i e n t  c o r r o s i o n  

r e s i s t a n c e  t o  b e  a c c e p t a b l e  f o r  u s e  as a containment v e s s e l  material. 

3. No evidence of t h e  formation of uranium c a r b i d e  w a s  found 

i n  s t u d i e s  of t h e  r e a c t i o n  of g r a p h i t e  w i th  very reducing sal t .  

4.  Weight l o s s  of Has te l loy  N specimens occurred as a l i n e a r  

f u n c t i o n  of t h e  square r o o t  of t h e  exposure t i m e  i n d i c a t i n g  d i f f u s i o n -  

c o n t r o l l e d  c o r r o s i o n .  

5. Type 316 s t a i n l e s s  steel has  a high i n i t i a l  co r ros ion  ra te  

i n  as-received LinBeF4, b u t  has  a ve ry  low c o r r o s i o n  ra te  when beryl l ium 

is added t o  t h e  sa l t .  

6. Alloys of Has te l loy  N modified by t h e  a d d i t i o n  of chromium 

showed weight l o s s e s  p ropor t iona l  t o  t h e  chromium concen t r a t ion .  

7 .  Limited r e s u l t s  i n d i c a t e  t h a t  t h e  c o r r o s i o n  rates of 1- and 

3.4%-Nb-modified Has te l loy  N are a t  least as good as t h a t  of s t anda rd  

Has te l loy  N .  
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