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STATUS OF TELLURILTM-WSTELLOY N STUDTES IN NOLTEN FLUORIDE SALTS 

3. R. Keiser 

ABSTRACT 

Tellurium, which is a fission product in nuclear reactor 
fuels, can embrittle the surface grain boundaries of 
nickel-base structural materials. This report summarizes 
results of an experimental investigation conducted to under- 
stand the mechanism and to develop a means of controlling 
this embrittlement in the alloy Hastelloy N. The addition 
of a chromium telluride to salt can he used to provide 
small partial pressures of tellurium simulating a reactor 
environment where tellurium appears as a Eission product. 
The intergranular embrittlement produced in HastelLoy N 
when exposed to this chromium telluride-salt mixture 
can be reduced by adding niobium to the Hastelloy N o r  by 
controlling the oxidation potential of the salt in the 
reducing range. 

INTRODUCTION 

Hastelloy N composed of 7% Cr, 16% Mo, balance nickel, was used to 
contain the LiF-BeFz-ZrF4-UF4 fuel salt in the Molten Salt Reactor 

Experiment (MSRE). Tensile testing of Hastelloy W surveillance specimens, 

which had been exposed to fuel salt in the MSRE, produced cracks in the 

grain boundaries connecting to the salt-exposed surfaces o f  the specimens. 

Surface chemical analyses of the affected grain boundaries indicated the 

presence of the fission product tellurium. 1 9 2  

ing observed in t he  MSRE would not be acceptable when extrapolated to the 

30-year design life of a Molten-Salt Breeder Reactor (MSBR), work began 

to provide f o r  the MSBR primary containment vessel a material that would 

resist grain boundary attack by tellurium. In-reactor experiments, 

identified as TeCen capsules, were used to evaluate the embrittlement 

resistance o f  various alloys, but these experiments were t i m e  consuming 

Because the depth of crack- 
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and expensive,  and t h e  number of a l l o y s  t h a t  could 

t i m e  w a s  l i m i t e d .  

To e v a l u a t e  many a l l o y s  atid mod i f i ca t ions  f o r  

be t e s t e d  a t  any one 

t h e i r  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 ,  a test w a s  sought t o  s i m u l a t e  t h e  appearance of 

t e l l u r i u m  as a f i s s i o n  product in r e a c t o r  f u e l  sa l t ,  A t o t a l  o f  f i v e  

experiments have been conducted t o  l e a r n  more about  t h e  behavior  of va r ious  

t e l l u r i u m  compounds i n  sa l t  and t o  determine t h e  e f f e c t s  of t h e s e  t e l l u r i d e -  

sa l t  mixtures  on p o t e n t i a l  containment vessel materials. 

The t e l l u r i u m  e f f e c t  w a s  measured i n  t e r m s  of t h e  number and depth 

of c r acks  produced i n  a t e n s i l e  specimen t h a t  had been s t r a i n e d  t o  fail .-  

u re  a t  room temperature a f t e r  exposure i n  a molten sal t  t h a t  contained t h e  

t e l l u r i d e .  S t r a i n i n g  w a s  used t o  open v i s i b l e  cracks along e m b r i t t l e d  

g r a i n  boundaries t o  f a c i l i t a t e  count ing,  b u t  i t  a l s o  caused a few o t h e r  

c racks ,  which were u n r e l a t e d  t o  t h e  presence of t e l l u r i u m ,  t o  form. 

These o t h e r  c racks  were f a c t o r e d  i n t o  ou r  a n a l y s i s -  

The r e s u l t s  of t h e  te l lur ium-Hastel loy N-molten f l u o r i d e  sa l t  s t u d i e s  

fo l low i n  chronological  o rde r .  The l a s t  experiments were no t  completed 

because t h e  MSBR program w a s  terminated.  

TELLURIUM EXPERIMENTAL POT 1 

Our f i r s t  t e l l u r i u m  experiment (po t  1) was i n  t h e  form of a stat1.c 

pot  b u i l t  t o  e v a l u a t e  t h e  use of l i t h i u m  t e l l u r i d e  as a means f o r  adding 

t e l l u r i u m  t o  s a l t .  This  po t  (Fig.  1) al lows t e l l u r i u m  t o  b e  added 

p e r i o d i c a l l y  i n  t h e  form of s a l t  p e l l e t s  con ta in ing  a measured amount of 

l i t h i u m  t e l l u r i d e .  Three viewing p o r t s  peruiit obse rva t ion  oE t h e  p e l l e t s  

a f t e r  t h e i r  a d d i t i o n  t o  t h e  s a l t .  E lec t rodes  f o r  v o l t a m e t r i c  measureiiients 

of t he  sa l t  are i n s e r t e d  through Tef lon  seals and are used t o  d e t e c t  and 

measure t h e  concen t r a t ion  of c e r t a i n  s p e c i e s  i r a  t h e  sa l t .  About 600 m l  

of the sa l t  LiF-BeFz-ThF4 (72-16-12 mol W )  was used, and i.ts temperature 

w a s  maintained a t  65OOC.  

I n  t h e  f i r s t  experiment,  t:ell-urium w a s  added as t h e  l i t h i u m  t e l l u r i d e ,  

L i z T e ,  which w a s  prepared by the OKNI, Chemistry Divis ion.  I n i t i a l l y ,  

two p e l l e t s ,  con ta in ing  a t o t a l  of 70 mg of T, izTe,  were added t o  6G0 ml 

of sa l t .  Voltammetric examination of t h e  sa l t  by D. L. Manning of t h e  
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Fig. 1. Tellurium Experimental Pot 1 Showlng the Three Vi 
trochemical Probes, 

Analytical Chemistry Division gave no indication of the presence of 

tellurium. Subsequently, three more LisTe pellets were added, and the 

salt was sampled for chemical analysis. Three additions of CrPz totalling 

1.82 g were then made, followed by the addition of three more L i z T e  

pellets. A final addition consisting of 0.2 g of Be0 was made. 

Results are summarized as follows: 
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1. The L i n T e  p e l l e t s  d id  n o t  m e l t  and d i sappea r  immediately; some 

evidence of t h e  p e l l e t s  remained on t h e  sa l t  s u r f a c e  f o r  t h e  d u r a t i o n  

of t h e  experiment.  

2 .  No  e l ec t rochemica l  evidence of a s o l u b l e  t e l l u r i u m  s p e c i e s  w a s  

d e t e c t e d .  

3 .  Following t h e  L i n T e  a d d i t i o n s ,  v i s i b i l i t y  through t h e  view p o r t s  

w a s  l i m i t e d  by a bluish-grey d e p o s i t  t h a t  w a s  subsequent ly  i d e n t i f i e d  as 

predominantly t e l l u r i u m .  

4 .  Chemical a n a l y s i s  of t h e  sa l t  sample taken af ter  t h e  a d d i t i o n  of 

f i v e  L i s T e  p e l l e t s  showed t h a t  t h e  t e l l u r i u m  con ten t  w a s  less than  5 ppm. 

The conclusion w a s  t h a t  u s e  of L i 2 T e  is n o t  f e a s i b l e  f o r  adding t e l l u r i u m  t o  

MSBR f u e l  sa l t .  

A second experiment w a s  conducted i n  t h e  s a m e  s t a t i c  po t  a t  65OOC 

us ing  t h e  r e p o r t e d l y  more s o l u b l e  l i t h i u m  t e l l u r i d e ,  L i T e 3 .  A f t e r  t h e  

pot  had been d r a i n e d  and cleaned,  f r e s h  s a l t  w a s  added, and t h r e e  p e l l e t s  

con ta in ing  a t o t a l  of about 0.1 g of L i T e 3  w e r e  i n s e r t e d .  During t h e  

fo l lowing  t h r e e  weeks, e l ec t rochemica l  examinations of t h e  s a l t  by 

D. L.  Manning r evea led  no i n d i c a t i o n  of a s o l u b l e  t e l l u r i u m  s p e c i e s .  Since 

o t h e r  experiments had shown t h a t  m e t a l  specimens could b e  e m b r i t t l e d  by 

t e l l u r i u m  even when t e l l u r i u m  levels i n  t h e  sa l t  w e r e  below chemical detec-  

t i o n  l i m i t s ,  a H a s t e l l o y  N t e n s i l e  specimen w a s  i n s e r t e d  i n t o  t h e  sa l t  and 

t h r e e  a d d i t i o n a l  L i T e s  sa l t  p e l l e t s  w e r e  added. A f t e r  about 650 h r  t h e  

specimen w a s  removed from t h e  sa l t ,  t e n s i l e - t e s t e d  t o  f a i l u r e ,  and 

examined me ta l log raph ica l ly .  I n t e r g r a n u l a r  cracking,  probably due t o  

t e l l u r i u m ,  w a s  found, i n d i c a t i n g  t h a t  some mechanism exists f o r  t r a n s p o r t  

of t e l l u r i u m  o r  L i T e 3  through t h e  sa l t .  Because concurrent  experiments 

had i d e n t i f i e d  s imple r  methods of adding t e l l u r i u m  t o  s a l t ,  no f u r t h e r  

work w a s  c a r r i e d  o u t  w i th  e i t h e r  of t h e  l i t h i u m  t e l l u r i d e s .  

CHROMIUM TELLURIDE SOLUBILITY EXPERIMENT 

The a d d i t i o n  of a s o l u b l e  chromium t e l l u r i d e  - e i t h e r  C r n T e 3 ,  

Cr3Te1+ ,  o r  CrsTe6 - r e p r e s e n t s  ano the r  method f o r  adding t e l l u r i u m  t o  

molten MSBR f u e l  sa l t .  I f  an  excess of chromium t e l l u r i d e  is  maintained,  

t h e  chemical a c t i v i t y  of t e l l u r i u m  i n  s o l u t i o n  i n  t h e  s a l t  w i l l  b e  
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determined i f  t h e  temperature  

To determine whether t h e r e  i s  

and t h e  s a l t  composition are n o t  changed. 

a temperature  a t  which one of t h e s e  chromium 

t e l l u r i d e s  can provide a r easonab le  amount of t e l l u r i u m  i n  s o l u t i o n ,  we 

determined s o l u b i l i t y  of t h e  chromium t e l l u r i d e s  as a f u n c t i o n  of temperature .  

A H a s t e l l o y  N p o t  w a s  f i l l e d  w i t h  about 500 m l  of t h e  salt  LiF-BeF2- 

ThF4 (72-16-12 mol X), and the  temperature  of t h e  po t  w a s  c o n t r o l l e d  at 

700°C. A f t e r  a sample of t h e  sa l t  w a s  taken, C r s T e 4  w a s  added and a 

small Has te l loy  N s h e e t  specimen w a s  i n s e r t e d  i n t o  t h e  sa l t .  A f t e r  170 h s  

t h e  specimen w a s  removed and a f t e r  250 h r  a salt sample w a s  t aken ,  The 

temperature  w a s  t hen  lowered t o  650"C, and a day later ano the r  s a l t  sample 

w a s  taken. 

This sequence w a s  t hen  r epea ted  a t  6OO6C. Next, t h e  s a l t  temperature 

w a s  r a i s e d  t o  7OO0C, C r z T e s  w a s  added, and ano the r  H a s t e l l o y  N specimen 

i n s e r t e d .  The specimen w a s  removed and s a l t  samples  were taken under t h e  

same time-temperature c o n d i t i o n s  as discussed above. 

The two Has te l loy  N specimens were weighed and submit ted f o r  Auger 

e l e c t r o n  s p e c t r o s c o p i c  (AES) examination. N o  weight changes were de tec t ed ,  

b u t  evidence of t e l l u r i u m  i n  t h e  g r a i n  boundaries  w a s  found by AES. The 

r e s u l t s  of t h e  chemical a n a l y s i s  of t h e  s a l t  sample are shown i n  Table 1. 

Table 1. Resu l t s  of Chromium T e l l u r i d e  S o l u b i l i t y  Measurements 

Tel lur ium and Chromium Content of S a l t  Samples (ppm) 
Sampling 

temp era t u r  e Af te r  
C r  3Te4 

Addi t i o n  

Background 
("0 (no T e  added) 

A f t e r  
C r z T e s  

Addit ion 
~ - 

7 00 T e  <5 T e  <5 T e  <5 
C r  44  C r  75 Cr 90 

650 T e  1 5 . 1  Te  7.5 
Cr 105 C r  120 

600 T e  <5 T e  <5 
C r a  C r  88 

a I n s u f f i c i e n t  sample. 
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Tellur ium concen t r a t ions  a t  700OC w e r e  no t  as h igh  as w a s  expected,  b u t  

some t e l l u r i u m  w a s  i n  s o l u t i o n  as demonstrated by t h e  t e l l u r i u m  found on 

t h e  g r a i n  boundaries  of  t h e  specimens. 

Following t h e  s o l u b i l i t y  measurements, two t e n s i l e  specimens were 

exposed t o  t h e  s a l t - C r 2 T e 3  s o l u t i o n .  Both specimens,  one of s tandard  

Has te l loy  N and one of 2.6% Nb-0.7% Ti-modified Has te l loy  N ,  showed a 

weight i nc rease  a f t e r  500 h r  exposure a t  700OC. Af t e r  room-temperature 

t e n s i l e  t e s t i n g ,  t h e  s tandard  Has te l loy  N specimen had s i g n i f i c a n t l y  more 

and deeper  c racks  than d i d  t h e  modified Has te l loy  N spct!cimen, as can be  

seen i n  F ig .  2 and Table 2 .  Also exposed t o  t h i s  s a l t - C r 2 T e 3  s o l u t i o n  were 

e i g h t  specimens t h a t  had been s p e c i a l l y  p r e p a e d  f o r  examination by AES. 

l Jnfor tunately,  t he  annea l ing  t rea tment  used b e f o r e  test r e s u l t e d  i n  Large 

g r a i n s ,  and t h e  d a t a  obta ined  w e r e  no t  i n t e r p r e t a b l e .  

Because specimens exposed t o  t h e  G r z T e 3 - s a l t  s o l u t i o n  had a s u r f a c e  

r e a c t i o n  l a y e r ,  w e  decided t o  use  C r 3 T e 4  f o r  f u t u r e  experiments because 

of i t s  lower t e l l u r i u m  a c t i v i t y .  Accordingly,  another  pot: w a s  prepared,  

f i l l e d  wi th  sa l t ,  and doped wi th  C r s T e b .  Tens i l e  specimens of several modi- 

f i e d  Has te l loy  N a l l o y s  wi th  d i f f e r e n t  combinations of niobium, t i t an ium,  

and chromium w e r e  exposed t o  t h e  sal t -Cr3Te1,  system a t  700°C. Examination 

of %hese specimens a f t e r  t e n s i l e  t e s t i n g  gave r e s u l t s  inc luded  i n  Ta1,I.e 2.  

These r e s u l t s  i n d i c a t e  t h a t  ni.obium as an  a l l o y i n g  agent  reduces en ibr i t t l e -  

ment of Has te l loy  N ,  b u t  n e i t h e r  chromium n o r  niobium wi th  t i t an ium e x h i b i t  

as s t rong  an e f f e c t .  

Standard Has te l loy  N specimens intended f o r  Auger s t u d i e s  were a l s o  

exposed i n  t h i s  salt-Cr3Tes system t o  provide informat ion  about t h e  rate of 

t e l l u r i u m  a t t a c k  (Fig.  3).  A s  p a r t  of t h e  Auger exami1rat:ion of t hese  

specimens, t he  depth of tel.l.urium p e n e t r a t i o n  w a s  measured as a func t ion  

of exposure t i m e .  These r e s u l t s  are shown i n  F ig .  4 .  

For g r a i n  boundary d i f f u s i o n  where t h e  d i f f u s i n g  s p e c i e s  i s  s o l u b l e  

i n  t h e  bu lk ,  a 1 / 4  power dependence i s  p red ic t ed .  

bu lk  s o l u b i l i t y  i s  assumed, a power dependence of 1 / 2  i s  expected.  A s  

seen  from Fig.  4 ,  t h e s e  d a t a  f i t  a t1l2 p l o t  reasonably w e l l .  Because 

t h e  exposure times considered were r e l a t i v e l y  s h o r t  and because s c a t t e r  

i n  t h e  measurements of depth w a s  f a i r l y  l a r g e ,  t he  p e n e t r a t i o n  ra te  calcu- 

l a t e d  from these  d a t a  has  a r a t h e r  l a r g e  s t anda rd  d e v i a t i o n .  

I f  e s s e n t i a l l y  ncl 
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Fig. 2. Photomicrographs of (a) Standard Hastelloy N, and (a> 2.6% 
0.7% Ti-modified Hastelloy N Exposed to Salt plus Cr2Te3 f o r  500 hr at 
700°C, Then Strained to Failure at Room Temperature. Etched with aqua 
regia. 1 O O X .  

Nb- 
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Table 2 .  Intergranular Crack Behavior of Wastelloy N Specimens Exposed 
in Chromium Telluride Solubility Experiment 

Average a b 

Time Density Density Expo sure Crack S a l t  
Additive Crack Depth Times Depth 

(m-’ 1 (r.lm> 
Alloy 

(hr) 

Standard 

2.6% Nb, 0.7% Ti 

Standard 

2.6% Nb, 0.7% Ti 

l,O% Nb, 1.0% Ti 

1.0% Nb 

7X Cr 

1.0% Cr 

12% Cr 

15% Cr 

504 

504 

499 

499 

244 

244 

500 

500 

503 

503 

CrnTes 

CrzTe3 

CrsTeb 

Cr 3Teb 

Cr 3Te4 

Cr 3Te4 

CrsTe~, 

CrsTe~, 

Cr3Te4 

Cr 3Teh 

1 . ~ 6  x i o 4  
0.71 

1.38 

0.97 

1.02 

0.17 

0.47 

0.25 

0.71 

0.57 

42.5 

33.1 

50.4 

24.3 

37.4 

30.5 

35.6 

41.3 

43.7 

48,9 

0.6205 

0.2350 

0.6955 

0.2357 

0.3815 

0.0519 

0.1673 

0.1156 

0.3103 

0.2787 

a 

bMeasured number of cracks per meter of length along edge of  a polished 

A l l  exposures were at 70OoC. 

cross section of specimen. 
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Pig .  3 .  Nas te l loy  N T e n s i l e  Specimens Lxiigned f o r  Auger Stud ies  
Mounted i n  Holder Used f o r  S a l t  Exposures. Note t h e  reduced section 
i n  the lower p o r t i o n  of the specimens. 
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Fig 
at 700°C 
obtained 

/ 8 n 

0 5 10 15 20 25 

SQUARE ROOT QP: TI 

Tellurium Penetration versus Time f o r  Hastelloy 
LiF-BeFz-ThFs (72-16-12 m o l  X) Containing C r 3 T e 4 .  
AES . 

N Exposed 
Data 

NisTe2 CAPSULE TEST 

Brynestad4 reported that a Hastelloy N specimen exposed to vapor 

above Ni3Te2 1- Ni for 1000 h r  at 700°C did not  show intergranular cracking. 

This suggested that the Ni3Tea + Ni system has a te l l .ur ium activity at 

which Hastell.oy N is not attacked. To f u r t h e r  evaluate t h i s  potentially 

significant result, a test was designed to expose Hastelloy N tensile 

specimens to sa l t  containing Ni3Te2 +- N i ,  A capsu1.e was built and filled 

with about: 310 m l  of LiF-BeF2-ThF4 salt. A mixture of 6 2  at. 2 

Nt-38 at. % T e ,  which had been annealed at high temperature t o  promote 

formation of Ni.3Te2 pl.us a small excess of nickel., was added to filie 

capsule, and four Hastelloy N specimens were inserl:ed, One specimen was 

removed aEl:er 1000 hr at 7OO0C,  strained to failure, and exami.ned 
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metallographically. Contrary to Brynestad's earlier results in vapor, 

extensive intergranular cracking was found after exposure in salt. An 

x-ray examination' of the Ni3Tez + Ni mixture showed no evidence of 
unreacted tellurium, indicating that even the l o w  tellurium activity 

associated with Ni3Te2 in this system causes intergranular attack of 

Hastelloy N. All three remaining specimens, which were exposed for 

longer times at 7OO0C,  showed intergranular attack, and the results of  

metallographic examinations are given in Table 3 .  

Table 3 .  Intergranular Crack Behavior of Hastelloy N 
Exposed in NisTe;! Capsule T e s t  a t  7OO0C 

Exposure Crack Average Density 
Alloy Time Density Crack Depth Time 

(hr) (m-l) (urn) Depth 

Standard 
Standard 
Standard 
Standard 
1.1% Nb 
2.0% Nb 
Standard 
1.1% Nb 
2.0% m 
4.4% Nb 

1079 
2297 
4377 
4377 
2080 
2080 
2976 
29 76 
2976 
2976 

8700 
7 700 
9400 
4 700 

300 
1300 
7900 

400 
800 

4000 

19.7 
34.8 
36.1 
34.7 
48 .2  
36.2 
23.2 
44.3 
37.5 
29.1 

0.1714 
0.2680 
0.3393 
0.1631 
0.0145 
0 .0471  
0 .1833 
0.0177 
0.0300 
0 .  I164 

Because other experiments were indicating that alloying with 1 t o  2% Nb 

lessens the tellurium embrittlement of Hastelloy N, four additional modified 
specimens were exposed to this NisTez-salt mixture in the capsule described 

above. The specimens contained additions of 0, 1.1, 2 . 0 ,  and 4.4% Nb 

and all were exposed for about  3000 h r  at 7OOOC. 

graphic examination of the tensile tested specimens confirmed the effect 

of small additions of niobium on the tellurium embrittlement of Hastelloy N. 

R e s u l t s  are included in Table 3 .  Photomicrographs of these specimens 

are shown in Fig. 5. 

After exposure, metallo- 
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TELLURIUM SCREENING TEST 

To compare t h e  r e s i s t a n c e  of v a r i o u s  a l l o y s  t o  t e l l u r i u m  a t t a c k ,  

w e  cons t ruc t ed  a l a r g e  p o t  t o  permit  s imultaneous exposure of a l a r g e  

number of specimens t o  a s a l t - t e l l u r i u m  system. This po t  is  equipped 

wi th  a s t i r r i n g  mechanism, e l ec t rochemica l  probes,  and f i v e  accesses  

f o r  i n s e r t i o n  of specimens. Up t o  100 specimens can b e  exposed t o  sa l t :  

a t  one t i m e  (Figs .  6 and 7 ) .  The p o t  w a s  f i l l e d  wi th  about  11 li ters 

of LiF-BeF2-ThFc sal t ,  and a mix tu re  of C r 3 T e k  and CrsTe6 w a s  added. 

Specimens t h a t  had been s e l e c t e d  from t h e  more than  50 d i f f e r e n t  avail- 

a b l e  modified and s t anda rd  Has te l loy  N compositions were exposed t o  t h i s  

s a l t - t e l l u r i d e  mixture  f o r  t i m e s  ranging from 250 t o  5000 h r  a t  700°C. 

Standard Has te l loy  N w a s  cracked t o  about t h e  same e x t e n t  when exposed 

i n  t h i s  system as when exposed i n  p rev ious ly  d i scussed  systems. A l l  

r e s u l t s  of t h e  v a r i o u s  exposures are t a b u l a t e d  elsewhere.6 The most 

n o t a b l e  r e s u l t  of t h e s e  tests w a s  t h e  obse rva t ion  t h a t  t h e  a d d i t i o n  of 

1 t o  2 a t .  % Nb t o  H a s t e l l o y  N s i g n i f i c a n t l y  reduced t h e  c rack ing ,  

as shown i n  Figs .  8 and 9. A more thorough d i s c u s s i o n  of  t h e s e  r e s u l t s  

w i l l  b e  given elsewhere.  6 

CHROMIUM-TELLURIUM-U€?ANIUM INTERACTION EXPERImNT 

The r e s e a r c h  e f f o r t  t o  s o l v e  t h e  problem of t e l l u r i u m  i n t e r g r a n u l a r  

a t t a c k  of H a s t e l l o y  N w a s  predominantly concerned wi th  t h e  development 

and t e s t i n g  of new a l l o y s .  The p o s s i b i l i t y  of a chemical change i n  t h e  

s a l t  t h a t  could a l t e r  t h e  e x t e n t  of a t t a c k  by t e l l u r i u m  w a s  a l s o  consi-  

dered. 

c o n t r o l l e d ,  w i t h i n  a c e r t a i n  range, by t h e  U ( T . V ) / U ( I I I )  r a t i o ,  i t  might 

b e  p o s s i b l e  t o  c o n t r o l  t e l l u r i u m  a c t i v i t y  by "complexing" r e a c t i o n s  

wi th  chromium o r  o t h e r  sa l t  c o n s t i t u e n t s ,  f o r  example, 

It has  been suggested7 t h a t  s i n c e  chromium ion  ac t iv i ty  can be 

where M denotes chromium o r  ano the r  s a l t  component. 

Electrochemical  s t u d i e s  r e p o r t e d  by Manning and Mamantov' i n d i c a t e d  

t h a t  i n  a r e l a t i v e l y  reducing LiF-BeF2-ThFc m e l t ,  t e l l u r i u m  could e x i s t  
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Y-13 7 7 36 

Fig. 6. Tellurium Screening Pot Used for Exposing Tensile Specimens 
to LiF-BeFz-ThFs (72-16-12 mol %) Containing CrTe1.266. 



1 5  

Y-137735 

Fig. 7. Holder w i th  25 T e n s l l e  Specimens Prepared for  I n s e r t i o n  i n  
Tel lur ium Screening Po t .  
space  above the sa l t ,  w h i l e  t h e  o t h e r  20 specimens w i l l  b e  i n  t h e  molten 
salt .  

The ETve top  specimens w i l l  b e  i n  t h e  vapor 
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O% Nb 

140858 

1.1% Nb 

Y-140868 

2.0% Nb 3 . 3 7 %  Nb 

Y- 14 .08 7 3  

Fig. 8. Effect of Niobium Additions on the Embrittlement of Hastelloy N Exposed 1000 hr at 700°C to 
LiF-BeFz-ThFb (72-16-12 mol % >  Containing CrTe1.266. l oox .  
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0 I 2 3 4 5 
NIOBIUM CONCENTRATION ( w t  Y o )  

9. Effect of Niobium i n  Modified Hastelloy N on Grain Boundary 
Cracking when Exposed i n  Salt-GrjTer, + CrsTe6 for 250 hr at 700°C. 



as a t e l l u r i d e  r a t h e r  t han  as elemental  t e l l u r i u m .  Their  c a l c u l a t i o n s  

showed t h e  c r i t i c a l  p o t e n t i a l  f o r  t h e  formation of a t e l l u r i d e  co r re -  

sponded t o  a U(IV)/U(III) r a t i o  of about 150 a t  S5OoC. 

To check t h i s  hypo thes i s ,  a sa l t  po t  w a s  b u i l t ,  equipped with elec- 

t rochemical  probes,  and fi l1.ed wi th  about 1.4 l i t e rs  of MSBR f u e l  sal t :  

( L ~ F - B ~ F ~ - T ~ F I + - U F ~ ) .  WiLh t h e  c l o s e  cooperat ion of D. L.  Manning, 

Ana ly t i ca l  Chemistry Div i s ion ,  t h e  o x i d a t i o n  p o t e n t i a l  and impuri ty  

con ten t  of t h e  s a l t  were monitored voltarinuetrical1.y. Addit ions o f  C r F e n  

and about 1 g of Cr3Tes were made, and a B a s t e l l o y  N specimen w a s  exposed 

f o r  500 h r  t o  s a l t  with a U(IV)/U(III) r a t i o  of about 90.  Metal lographic  

examination of t h e  specimen a f t e r  deformation showed ex tens ive  c rack ing  

(Fig.  1 0 ) .  

To lower 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  s a l t ,  a be ry l l i um rod w a s  

immersed i n  the s a l t  f o r  an  hour a f t e r  which t i m e  t h e  U(IV) / U ( I T I )  r a t i o  

had decreased t o  about seven. Af t e r  another  a d d i t i o n  of CrF2 and Cr3Te4 

t o  t h e  s a l t ,  another  specimen w a s  exposed t o  t h e  mixture  f o r  500 h r .  

A metal lographic  examination (Fig.  10) of t h e  t e n s i l e  t e s t e d  specimen 

showed a complete absence of g r a i n  boundary c racks .  

encouraging so a series of exposures w a s  c a r r e d  ou t  O V ~ K  a wider range  

of U(IV)/U(III) r a t i o s .  Specimens were exposed f o r  about  260 h r  at 

U(IV)/U(III) r a t i o s  of approximately 1.0, 30, SO, 85, and 300. Photo- 

micrographs of  t h e  gage s e c t i o n  of t h e  t e n s i l e  specimens from t h i s  

series of tests are shown i n  Fig.  11. A s  i s  ev iden t  i n  Fig.  1 2 ,  a 

marked change occurred i n  t h e  cracking behavior  of Has te l loy  N exposed 

i n  t h i s  system i n  going from a r a t i o  of about  60 t o  about 100. 

These r e s u l t s  w e r e  

The r e s u l t s  ~f t h e  me ta l log raph ic  examination of the specimens exposed 

en t h e  Cr-Te-U i n t e r a c t i o n  experiment are c o l l e c t e d  i.11 Table 4 and are given 

i n  t h e  o rde r  of exposure. 

C r T e 1 . 2 6 6 )  w e r e  added t o  t h e  sa l t .  According t o  t h e  voltammetri-c measure- 

ments, the Cr* con ten t  of t h e  s a l t  inc reased  wi th  successive.  GrFe2 addi- 

t i o n s .  A s  can b e  seen  from Table 4 ,  t h e  f i r s t  and e i g h t h  exposures were 

a t  about t h e  s a m e  o x i d a t i o n  p o t e n t i a l  (90 and 851, b u t  t h e  cracking behav- 

i o r  of t h e  t w o  d i f f e r e d  more than  would b e  expected from t h e  d i f f e r e n c e  in 

exposure time and o x i d a t i o n  p o t e n t i a l .  

C r  concen t r a t ion  between t h e  e a r l y  and later exposures is an important 

f a c t o r  t h a t  a f f e c t s  t h e  cracking behavior ,  b u t  no funding o r  p l a n s  ex is t  

Before each exposure both CrFe2 and CrsTes (or  

 his sugges t s  t h a t  t h e  d i f f e r e n c e  i n  
-w- 
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F i g .  10. Hastelloy N Exposed 500 hr at 700'C t o  MSBR Fuel Salt 
Containing CrFe2 and Cr3Te1, With U(IV)/U(III) Equal to (a) 90 and (b) 
l o o x ,  

7. 
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^ .  . 

F i g .  1.1.. HastelPoy N Exposed About 260 at 700°C 'cs MSBR Fuel 
Salt Containing CrFez and CrTe1.266 w i t h  I J ( I V ) / U ( I I I )  Equal to (a> 10, 
(b) 30, ( c )  60, (d) 85, and ( e )  300. 100~. 
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I I I I I  I 
REDUCING OXlDl ZI N G 

II_+ 

900 - 
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I 

CRACKING 600 
PAR AM ET E R 

[FREQUENCY (cm-') 
x AVG. DEPTH (,urn)] 

3 0 0  

0 ..- 
10 20 40 70 (00 ZOO 400 

SALT OX I OAT I ON POTENT I A L [ U (IV)/' U 11111 

Pig.  1 2 .  Cracking Behavior of Has te l loy  N Exposed 260 hr  a t  70OOC 
t o  MSBR Fuel S a l t  Containing C r T e 1 . 2 6 6 .  

Table 4 .  I n t e r g r a n u l a r  Crack Behavior of Has te l loy  N Specimens Exposed 
in Cr-Te-U I n t e r a c t i o n  Experiment a t  700'C 

Crack Average Density T imes  

(mu' 1 (urn) 

Exposure Conditions 

Time u(Iv) T e  
(hr) ~(111) Additive 

Depth Density Crack Depth Specimen 

1 504 ' 9 0  C r s T e k  12,200 
2 502 'L7 C r  3 T e ~  0 
3 257 1.10 C r T e i  . 2 6 6  200 

5 257 %30 C r T e l . 2 6 6  200 . 
4 257 %lo CfI"I ' l .266  400 

6 257 1.30 CrTel. 2 6 6  300 
7 257 "-60 CrTes. 2 6 6  500 
a 257 9 5  C r T e l  . 2  6 6 6,800 
9 262 1.300 CrTei. 2 6 6  6,000 

- 
A l l  were standard Hastelloy N ,  heat  405065. a 

74.8 
0.0 
3.6 
8.6 

12.7 
1 2 . 2  
13.0 
10.7 
1 3 . 6  

0.9126 
0.0 
0.0007 
0.0034 
0.0025 
0.0037 
0.0065 
0.0728 
0.0816 
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for further investigation of this possibility. (Also different was the 

telluride added, CrTe1.333 vs CrTe1.266, but from previous experience 

we would not expect it to make such a large difference). 

Controlling the oxidation potential of the salt coupled with the 

presence o f  chromium ions in the salt appears to be an effective means 

of limiting tellurium embrittlement of Hastelloy N. However, further 

studies are needed tu assess the effects of longer exposure times and 

to measure the interaction parameters for chromium and tellurium under 

varying salt oxidation potentials. 

SUMMARY 

As a result of these studies, we have found that Hastelloy N exposed 

in salt containing metal tellurides such as Li Te and Cr Te undergoes 

grain boundary embrittlement like that observed in the MSRE. The 

embrittlement is a function of the chemical activity of tellurium 

associated with the telluride. The degree of embrittlement can be 

reduced by alloying additions to the Hastelloy N. The addition of 1 to 

2 at. % Nb significantly reduces embrittlement, but small additions of 

titanium or additions of up to 15 at. % Cr do not affect embrittlernent. 

I@ Y Z  

We have found that if the U(IV)/U(III) ratio in fuel salt is kept 

below about 60, embrittlement is essentially prevented when CrTel.266 

is used as the source of tellurium. 
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