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EFFECT OF ALLOYING ADDITIONS ON CORROSION BEHAVIOR OF IIICKEL- 
MOLYBDENUM ALLOYS I N  FUSED FLUORIDE MIXTURFS 

ABSTRACT 

Fused f luor ide  mixtures containing WL+ have been developed 
as  f u e l  solut ions for  hi'gh-temperature nuclear reac tors .  
develop container mater ia ls  f o r  such mixtures, we invest igated 
the  corrosion propert ies  of nickel-molybdenum a l loys  with v a r i -  
ous sol id-solut ion strengthening addi t ions.  These evaluations 
u t i l i z e d  thermal convection loops which c i rcu la ted  s a l t  mix- 
t u r e s  between a hot-zone temperature of 815°C and a cold-zone 
temperature of 650 "C. 

To 

The a l loys  selected f o r  study contained 17 t o  20% Mo and 
various percentages of C r ,  A l ,  T i ,  V, Fe, Nb, and W. Loops of 
ind iv idua l  a l loys  were exposed t o  t h e  s a l t  mixture NaF-LiF-KF-UF4 
(11.2-45.341.0-2.5 mole 8) f o r  periods of 500 and 1000 hr .  
Measurements of the  concentrations of corrosion products i n  
a f t e r  - te  s t  s a l t  samples indicated the  corrosion s u s c e p t i b i l i t y  
of a l loying addi t ions t o  increase i n  t h i s  order :  Fe, I%, V, 
C r ,  inJ, T i ,  and A l .  However, metallographic examinations of 
loop surfaces showed r e l a t i v e l y  l i g h t  a t t ack  f o r  a l l  a l loys  
except those containing combined addi t ions of aluminum and 
t i tanium or aluminum and chromium. 

A nickel-base a l l o y  containing 17% Mo, 7% C r ,  and 576 Fe, 
designated Hastelloy N, w a s  found t o  afford the  bes t  combina- 
t i o n  o f  s t rength and corrosion res i s tance  among the  a l l o y  
compositions t e s t ed .  

c 

INTRODUCTION 

Molten f luor ides  of uranium, thorium, or  plutonium, i n  combination 

with other  f luor ide  compounds, have wide app l i cab i l i t y  a s  fue l s  f o r  the  

production of nuclear power.' 

mixtures can be contained a t  low pressures even a t  extremely high 

operating temperatures. Their chemical and physical p roper t ies  impart addi -  

t i o n a l  advantages such a s  excel lent  s t a b i l i t y  under i r r a d i a t i o n  and la rge  

Because of t h e i r  high boi l ing  points ,  these 

'R. C .  Briant and A.  M. Weinberg, "Molten Fluorides a s  Power Reactor 
Fuels," Nucl. Sei .  Eng. 2, 797-803 (1957). - - 



s o l u b i l i t y  ranges f o r  both uranium and thorium. These f ac to r s  have 

prompted design s tudies  of molten f luoride f u e l  systems i n  conjunction 

with thorium-uranium thermal breeders,  uranium-plutonium converters,  and 

uranium burners. 

The development o f  reac tors  which incorporate a c i r cu la t ing  f luor ide  

sa l t  i s  predicated on the  a v a i l a b i l i t y  of a construct ion mater ia l  which 

w i l l  contain the s a l t  over long time periods and a l so  a f ford  usefu l  

s t r u c t u r a l  p roper t ies .  

a i r  oxidation, be e a s i l y  formed and welded i n t o  r e l a t i v e l y  complicated 

shapes, and be meta l lurg ica l ly  s tab le  over a wide temperature range. 

The container  mater ia l  must a l s o  be r e s i s t a n t  t o  

I n  order t o  provide a mater ia l  for i n i t i a l  reac tor  s tud ies ,  severa l  

commercially ava i lab le  high-temperature a l l o y  systems were evaluated with 

respect  t o  the above r e q ~ r e m e n t s .  A s  a r e s u l t  of these  s tud ies ,  Inconel, 

a nickel-base a l l o y  containing 15 w t  ‘$ C r  and 7’ wt ’$ Fe, w a s  found t o  

a f ford  t h e  bes t  combination o f  desired p rope r t i e s  and w a s  u t i l i z e d  for 

t h e  construct ion of t he  Aircraf t  Reactor Experiment. ’ 
sion tes ts , ’ ’“  as wel l  as pos t t e s t  examinations of t he  ARE,5  confirmed 

the  s u i t a b i l i t y  of Inconel a s  a container  mater ia l  f o r  r e l a t i v e l y  shor t -  

term f luor ide  sa l t  exposures. Corrosion r a t e s  encountered with t h i s  

a l l o y  a t  temperatures above 7OO0C, however, were excessive f o r  long-term 

use with most f luor ide  f u e l  systems. 

Extensive corro- 

U t i l i z i n g  experience gained i n  corrosion t e s t i n g  of commercial 

a l loys ,  we i n i t i a t e d  an a l l o y  development program t o  provide an advanced 

container mater ia l  for f luor ide  f u e l  r eac to r  systems. The reference 

a l l o y  system w a s  composed of n icke l  with a primary strengthening addi t ion  

of 15-20’$ Mo. 

r i d e  a t t a c k  but  lacked su f f i c i en t  mechanical s t rength  and oxidat ion 

This composition afforded exceptional res i s tance  t o  f luo-  

*W. D. Manly e t  e. Aircraft  Reactor Experiment - Metal lurgical  
Amects .  ORNL-2349719575. 

‘ G .  M. Adamson, R. S. Crouse, and W. D .  Manly, Inter im Report on 
Corrosion by Zirconium-Base Fluorides,  - ORNL-2338 ( 1961) . 

5W. B. C o t t r e l l  e t  -- a l . ,  Disassembly and Postoperative Examination 
of the  Aircraft  Reactor Experiment, ORNL-1868 (1958). 
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V 

res i s tance  a t  desired operating temperatures. 

propert ies ,  addi t ions of various sol id-solut ion al loying agents were 

evaluated, among them C r y  Al, T i ,  Nb, Fe, V, and W. An optimum a l l o y  

composition was selected on the  b a s i s  of p a r a l l e l  inves t iga t ions  of the  

mechanical and corrosion proper t ies  which were imparted by each of these 

addi t ions.  The composition bes t  sui ted t o  reac tor  use was determined t o  

be within the  range 15-17 w t  $ Mo, 6-8 w t  $I C r ,  4-6 w t  $ Fe, 

0.044.08 w t  % C, balance N i .  

nated Hastelloy N, have shown it t o  be extremely wel l  sui ted f o r  appl i -  

ca t ions  demanding long-term compatibi l i ty  with f luoride s a l t s  i n  the  

temperature range 650-800 "C. 

To augment these l a t t e r  

Subsequent s tud ies  of the  a l loy ,  desig- 

The present research w a s  concerned with the  corrosion e f f e c t s  

r e su l t i ng  from addi t ions of a l loying elements t o  the  nickel-molybdenum 

system and an ana lys i s  of t he  thermodynamics of the  corrosion process a s  

indicated by these al loying e f f ec t s .  

RFVIEW OF R F U I E D  WORK 

Corrosion by Fluoride Mixtures 

Corrosion Reactions 

The corrosion of nickel-base a l loys ,  containing i ron  and chromium, 

by f luor ide  f u e l  mixtures has been found t o  r e s u l t  from a combination 

of the  following types of oxidation react ions:  

1. Reactions7 involving impurit ies i n  the  s a l t  

2HF + - C r  = CrF2 + H2 , 

NiF2 + - C r  = CrF2 + - N i  , 

FeF2 + C r  = CrF2 + Fe . - - 

6W. D. Manly -- e t  a l . ,  "Metallurgical Problems i n  Molten Fluoride 
Systems, I' Progr. Nucl. Energy, Ser. I V  - 2, 164 (1960). - 

7Solid-solution al loying elements a re  underlined. 
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2.  Reactions involving impuri t ies  i n  o r  on the  metal, f o r  example 

2Ni0 + ZrF4 = ZrO2 + 2NiF2 ( 4 )  

followed by reac t ion  ( 2 ) .  

3. Reactions involving components i n  the  s a l t  

2UF4 + - C r  = CrF2 + 2UF3 , (5) 

The ex ten t  of the f i r s t  four of these reac t ions ,  which proceed s t rongly 

t o  the  r i g h t  and t o  completion rapidly,  can be reduced by maintaining low 
impurity concentrations Ln the s a l t  and on the surface of t he  metal. 

Reactions ( 5 )  and (6), on the other  hand, a r e  indigenous t o  f luor ide  

systems which derive t h e i r  usefulness through the  containment of  UF4. 

While the  ro l e  of chromium has been invest igated extensively i n  connec- 

t i o n  with these  react ions,8 considerably l e s s  information i s  ava i lab le  

regarding the  thermodynamics of these reac t ions  f o r  the  o ther  a l loying 

elements which were of i n t e r e s t  i n  t he  present study. 

Reduction of UF4 by Chromium 

The reac t ion  of UF4 with chromium i s  found t o  be s t rongly  influenced 

by the reac t ion  medium employed.' 

NaF-ZrF4 o r  NaF-BeF2, the  reac t ion  produces only divalent  chromium, t h a t  i s ,  

I n  melts composed p r inc ipa l ly  of 

However, i n  the  case of NaF-KF-LiF-UF4 mixtures used f o r  t h i s  inves t iga-  

t i o n ,  the  reac t ion  between chromium and UF4 produces both d iva len t  and 

8J. D. Redman, ANI? Quart. Progr. Rept. Dec. 31, 195'7, Om-2440, 
pp. 78-82. 
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t r i v a l e n t  chromium. 

chromium ions i n  the  mixtures a r e  observed t o  be t r i v a l e n t ,  giving the  

net  r eac t  ion 

A t  equilibrium, approximately 80% of the  t o t a l  

0 

2.8UT4 + - C r  = 0.2CrF2 + O.8CrF3 + 2.8vF3 , 

The equilibrium constant for t h i s  reac t ion  i s  given by 

where CY represents  thermodynamic a c t i v i t y .  Because of the r e l a t i v e l y  

small concentrations of CrF2 and UF3 which a re  a t ta ined  i n  the  s a l t  solu- 

t i o n s  a t  equilibrium, the  a c t i v i t i e s  of each of these components can be 

c lose ly  approximated by t h e i r  mole f rac t ions ,  i n  accordance with Henry's 

law. Thus, for a s a l t  system of f ixed UF4 concentration, assuming the  

reference s t a t e s  f o r  sa l t  components t o  be the i n f i n i t e l y  d i l u t e  solut ion,  

For a system i n i t i a l l y  containing no UF3, CrF2, or CrF3, it follows t h a t  

= 1/14Nm . I n  such systems where the  change i n  UF4 
NCrF 2 = 1/4NCrF1 3 
concentration i s  small, Eq. ( 9 )  reduces t o  

where 
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The constant % has been experimentally determined f o r  the  mixture 

LiF-KF-NaF-UF4 ( 11.2-41.045.3-2.5 mole $) by  equ i l ib ra t ing  it with pure 

chromium (CY" = 1) at  600 and 800°C ( r e f .  8 ) .  Under these  conditions,  

t he  constent i s  equivalent i n  value t o  t h e  mole f r ac t ion  of chromium ions 

i n  t h e  s a l t  a t  equilibrium. 

Table 1. 

C r  

The measured values of 5 a r e  l i s t e d  i n  

a Table 1. Equilibrium Concentrations of Chromium Fluorides 
f o r  the  Reaction of Pure Chromium with UF4 

E qui  l i b r a t i o n  
Tempe ratwre 

( "a 

Concentration of Chromium 
Ions i n  NaF-LiF -KF -UF4 

(11.241.045.3-2.5 mole 4) 
ppm mole f r a c t i o n  (s-) 

600 

800 
1100 1.0 x 
2600 2.4 x 

J. D. Redman, ANP Quart .  Progr. Rept. Dee. 31, 1957, a 

o m  -2440, pp. 78-82. 

Eecause the  chromium-UF4 reac t ion  i s  temperature dependent, chemi- 

c a l  equilibrium between these two components i s  precluded i n  systems of  

uniform a l l o y  composition where the  c i r cu la t ing  s a l t  cont inua l ly  experi-  

ences a temperature change. 

t i n u a l l y  removed from h o t t e r  port ions and deposited i n  cooler  port ions.  

A theory r e l a t i n g  the  r a t e  of t h i s  movement t o  the  operating parameters 

of t he  container  system has been formulated by Evans. 

I n  such systems chromium tends t o  be con- 

9 

Corrosion of  Nickel-Molybdenum Alloys 

Because of the  oxidation of chromium by fuel-bearing f luor ide  salts ,  

a l loys  employing la rge  percentages of t h i s  element were not s a t i s f a c t o r y  

'R. E. Evans, ANP Quart. Progr.  Rept. Dec. 31, 1957, ORNL-2440, 
pp . 1-04-113. 
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a s  container  mater ia ls  except a t  temperatures where d i f fus ion  r a t e s  i n  

the  a l loys  were r e l a t i v e l y  low. Accordingly, evaluations were made of 

severa l  commercial a l loys  i n  which chromium was not employed as a major 

a l loy ing  addi t ion.  Based on these t e s t s ,  a l l oys  of n icke l  and molybdenum 

appeared t o  o f f e r  the most promising container system f o r  achieving r e l a -  

t i v e l y  high reac tor  operating temperatures. Unfortunately, commercially 

ava i lab le  nickel-molybdenum a l loys  which exhibited exce l len t  corrosion 

proper t ies  were not well su i ted  t o  contemplated reac tor  systems because 

of  th ree  adverse cha rac t e r i s t i c s :  

t o  age-harden and embr i t t l e  a t  service temperatures between 650 and 

815°C ( r e f .  10); and (3)  poor res i s tance  t o  oxidat ion by a i r  a t  e levated 

temperatures. The scale  formed on exposure of these a l loys  t o  high- 

temperature a i r  w a s  of t he  type NiMoO4, which upon thermal cycling 

between 760 and 350°C underwent a phase transformation and spal led as a 

consequence of a r e su l t an t  volume change. 

(1) poor f a b r i c a b i l i t y ;  ( 2 )  a tendency 

11 

By means of an a l l o y  development program, however, it was considered 

p laus ib le  t o  e l iminate  the  undesirable fea tures  of  the commercial mater ia ls  

while r e t a in ing  t h e i r  inherent corrosion res i s tance .  The i n i t i a l  objec- 

t i v e  of t h i s  program was t o  provide an a l l o y  which d i d  not embr i t t l e  under 

the  thermal treatments imposed by reac tor  operation. By experimenting 

with various compositions of binary nickel-molybdenum a l loys ,  it was 

determined t h a t  lowering the  molybdenum concentration t o  a l e v e l  of 1 5 1 7 %  

served t o  avoid detr imental  age-hardening e f f e c t s  i n  the a l l o y  system.'* 

Although such an a l l o y  system was s a t i s f a c t o r y  from the  standpoint of 

corrosion res i s tance ,  it w a s  necessary t o  augment the  oxidat ion and 

s t rength  c h a r a c t e r i s t i c s  of the  system through add i t iona l  sol id-solut ion 

al loying agents.  The corrosion e f f e c t s  which resu l ted  from these  addi- 

t i o n s  were the  subjects  of t he  present  study. 

f 

'OR. E.  Clawing ,  P. Pa t r ia rca ,  and W. D. Manly, Aging Charac te r i s t i c s  
of Hastelloy B, ORNL-2314 (1957). 

H.  Inouye, pr iva te  communication. 

1 2 D .  W .  S t o f f e l  and E .  E .  Stansbury, "A Metallographic and X-ray 
Study of N i  Alloys of 20-30 Per Cent Mo," Report No. 1 under Subcontract 
No. 582 under Contract No. W-7405-eng-26, Knoxville, Tenn., Dept. of 
Chem. Eng. of the  Univ. of Tenn. (1955). 
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MATERIALS AND PROCEDURFS 

Test Materials 

The nickel-molybdenum a l l o y  compositions selected f o r  study were 

supplied by the  Metals and Ceramics Division a t  ORNL and, under subcon- 

t r a c t  agreements, by Ba t t e l l e  Memorial I n s t i t u t e  and Superior Tube 

Company. Alloys furnished by ORNL were induction-melted under vacuum, 

while those furnished by subcontractors were induction-melted i n  a i r  

using a protect ive s lag .  Each a l l o y  heat,  which ranged i n  weight from 

12 t o  100 l b ,  was e i t h e r  forged o r  extruded i n t o  a 3-in.-diam tube blank 

and was subsequently drawn i n t o  1/2-in.-OD seamless tubing by the  

Superior Tube Company. 

Table 2 l i s t s  the  experimental a l l o y  compositions used f o r  t h i s  corrosion 

study. 

The cold-drawn tubing w a s  annealed a t  1120°C. 

Test Equipment 

The method selected t o  evaluate the  corrosion proper t ies  of these 

a l loys  was based on the  following considerat ions:  

1. The method necessar i ly  had t o  be t a i l o r e d  t o  the  use of r e l a -  

t i v e l y  small quan t i t i e s  of mater ia l ,  since it was p r a c t i c a l  t o  produce 

only small heats  of t h e  many a l loys  desired f o r  study. 

2 .  Tubing was considered t o  be a highly desirable  form i n  which t o  

t e s t  the mater ia l ,  since production of the mater ia l  i n  t h i s  form was 

car r ied  out a s  an adjunct t o  evaluating the  f a b r i c a b i l i t y  of each a l loy .  

3. Previous demonstrations of  the e f f e c t s  of temperature gradient 

i n  the s a l t  and the  s a l t  flow r a t e  on the  corrosion behavior o f  container 

mater ia ls  i n  f luor ides  made it mandatory t h a t  corrosion t e s t s  be con- 

ducted under dynamic conditions,  t h a t  i s ,  conditions which provided f o r  

the  continuous flow of s a l t  through a temperature gradient .  

The thermal convection loop, which had been used extensively f o r  

Inconel corrosion s tudies  and had been developed in to  an extremely 

straightforward and r e l i a b l e  t e s t  device, was judged t o  be the  bes t  form 

of experimental device f o r  meeting these requirements. This device con- 

s is ts  of  a closed loop of  tubing, bent t o  resemble the out l ine  of a harp, 
W 



Table 2. Compositions of Experimental Alloys Used for Corrosion Studies 

Heat Composition, wt $ Composition, at. $ 
Number" Ni MO Cr Fe Ti Al Nb W V Ni MO Cl- Fe Ti Al Nb W V 

OR 30-l 80.12 16.93 2.83 85.50 11.10 3.41 
-2 78.55 16.65 4.62 83.60 10.80 5 5.5 
-4 73.65 16.37 9.21 78.30 10.60 11:04 
-6 78.50 15.11 6.40 82.70 9.72 7.60 

37A-1 77.0 20.39 2.62 83.30 13.50 3.20 
43A-3 73.30 20.34 6.34 78.90 13.40 7.71 

OR 30-7 82.10 15.93 
-8 80.30 17.80 
-9 81.10 16.8 
-10 81.10 16.60 
-11 79.80 16.53 
-12 80.00 16.80 
-19 79.00 16.90 
-20 79.20 16.60 
-21 78.90 16.40 

S T23012 82.00 17.42 
OR 1491 86.58 11.23 

OR 30-13 79.93 17.56 
-14 79.53 16.50 
-16 77.74 16.00 
-22 77.65 15.90 
-33 74.07 15.15 

B2897 76.13 20.50 
B2898 76.30 20.50 
B3276 69.19 21.10 
B3277 66.95 21.60 
S T23011 71.50 15.06 
S T23013 74.42 15.20 
S T23014 80.86 16.70 

1.88 
..89 

3.65 
5.69 
5.01 

3.68 
3.22 

4.71 
0.53 
2.19 

1.56 
1.52 
1.49 

5.07 
1.25 
2.44 

7.58 
7.82 
3.84 

0.95 
2.45 
1.12 
1.16 
0. 70 

1.31 
C!. 53 
3.513 
0 . 5 7 

0.60 

1.32 
1.31 
2.16 
2.32 
4.17 
4.57 

Series I 

Series II 

85.60 10.15 
85.90 11.60 

2.09 88.10 11.20 
2.23 86.40 10.80 

85.10 10.80 
86.70 11.10 

4.10 87.10 11.40 
4.18 84.10 10.80 

85.50 10.90 
87.40 11.40 
88.16 6.99 

4.26 
2.47 

4.12 

0.72 
2.73 

2.20 
1.44 a 

5.11 
3.62 

1.22 
4.85 

Series III 

84.48 11.35 2.02 2.18 
82.11 10.42 1.92 5.51 
81.01 10.20 4.30 1.90 2.54 
80.27 l,'] . Cl5 6.64 2.61 0.39 
77.26 9.66 5.90 5.56 1.59 
83.61 13.77 1.68 0.92 
82.60 13.20 3.24 0.90 
75.17 14.00 9.32 1.48 
71.72 14.2O 9.47 3.06 1.57 

4.90 79.O4 10.20 4.79 1.27 2.91 1.72 
5.23 83.14 10.36 1.40 3.23 1.85 

85.22 10.76 2.71 1.30 

a0R denotes heats furnished by the Metals and Ceramics Division; S T by Superior Tube Company; and B by Battelle 
Memorial Institute. 
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two l egs  of which a r e  heated and two of which a r e  exposed 

e f f e c t s  of ambient a i r .  Flow r e s u l t s  from t h e  d i f fe rence  

t h e  sa l t  i n  t h e  hot and cold portions of t h e  loop. 

t o  t he  cooling 

i n  dens i ty  of 

The configuration and dimensions of t he  loop design a re  presented 

i n  Fig. 1. 

s ide  diameter of  0.500 in .  and a wa l l  thickness of 0.035 i n .  

w a s  assembled by the  Heliarc welding technique using an i n e r t  gas 

backing. 

A l l  loops were fabr ica ted  of seamless tubing having an ou t -  

The tubing 

During operation the  loops were heated by  a s e r i e s  of  clamshell  

res i s tance  heating elements located as shown i n  Fig. 1. To f i l l  t h e  

loop required t h a t  we apply heat t o  both t h e  cold- and hot-leg sections.  

Auxiliary heating f o r  t h i s  purpose was provided by passage of e l e c t r i c  

cur ren t  d i r e c t l y  through the  tube w a l l .  

determined by  an e l e c t r i c a l  shorting probe near t h e  top  of t he  loop, t he  

a u x i l i a r y  heat source was turned off a d  t h e  heating elements were turned 

on. 

w a s  required t o  e s t a b l i s h  a predetermined temperature grad ien t .  

When the  loop w a s  f i l l e d ,  a s  

Insu la t ion  was then  removed from the  cold leg  t o  whatever amount 

Loop temperatitre s were measured with Chromel-P-Alumel thermocouples 

located a s  shown i n  Fig. 1. The thermocouple junctions,  i n  t he  form of 

s m a l l  beads, were welded t o  the  outside tube w a l l  with a condenser d i s -  

charge welder and covered by a l aye r  of quartz tape ,  which i n  t u r n  w a s  

covered with s t a i n l e s s  s t e e l  shim stock. A l l  t e s t s  were operated so as 

t o  achieve a maximum mixed-mean sal t  temperature of 815°C and a minimum 

s a l t  temperature of 65C"C. 

which w a s  a t t a ined  near t he  top  of t he  v e r t i c a l  heated sec t ion ,  exceeded 

t h e  maximum bulk salt  temperature by approximately 95°C ( r e f .  13) .  

sa l t - f low r a t e  under these  temperature conditions w a s  es tab l i shed  from 

heat balance ca l cu la t ions  t o  be i n  the  range of 5 t o  7 ft/min. 

The maximum salt-metal  i n t e r f a c e  temperature, 

l'he 

13Measurements of the  maximum ins ide  wall temperature could not 
p r a c t i c a l l y  be made i n  each loop t e s t ;  however, values of t h i s  tempera- 
t u r e  were recorded by means of heat balance ca l cu la t ions  and imbedded 
thermocouples using a spec ia l ly  instrumented t e s t  loop which exac t ly  simu- 
l a t ed  the  geometry and temperature p r o f i l e  used i n  the  corrosion 
experiment. 
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O R N L - L A - D W G  27228R 

6-in. CLAM SHELL HEATERS 

CONTROL 8 NO. 2 

T.C. NO. 6 7  

c 

750/ \ 
17 

T.C. NO. 5' 

METALLOGRAPHIC SAMPLES 
-t- THERMOCOUPLE LOCATIONS 

4-  

Fig. 1. Schematic Diagram of Thermal Convection Loop Used for 
Evaluations of Experimental Nickel-Molybdenum Alloys. The locations of 
thermocouples and test samples are shown. 
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S a l t  Preparation 

The f u e l  mixture used i n  these s tudies  was  of the composition shown 

i n  Table 3. 

the  b a s i s  t h a t  t he  oxidation of container cons t i tuents  by a given con- 

cent ra t ion  of  UF4 tended t o  be grea te r  f o r  t h i s  mixture than f o r  other  

mixtures of p r a c t i c a l  importance. Thus, achievement of s a t i s f a c t o r y  

compatibi l i ty  with t h i s  mixture i n  e f f e c t  provided a container mater ia l  

of ult imate v e r s a t i l i t y  with respect  t o  a l l  f u e l  mixtures. 

We selected the  LiF-KF-NaF-UF4 composition ( S a l t  107) on 

Table 3. Composition of Fluoride Mixture 
Used t o  Evaluate Experimental 

Nickel-Molybdenum Alloys 

S a l t  Number: 137 
Liquidcs Temperature: 490°C 

Component &Tole % Weight % 

NaF 

LiF 

K F  

m4 

11.2 9.79 

45.3 24.4 

41. C 49.4 

2.5 16.3 

The f luor ide  mixtures were prepared from reagent-grade mater ia ls  

and were pur i f ied  by the  Fluoride Processing Group of t he  Reactor Chemistry 

Division. I n  general, the  procedure f o r  pu r i f i ca t ion  was a s  follows: 

(1) the  dry ingredients ,  except f o r  UF4, were mixed, evacuated severa l  

times f o r  moisture removal, and then melted under an atmosphere of helium; 

( 2 )  the molten mixture was held a t  815OC and t rea ted  with hydrogen f o r  4 hr 

t o  pmge hydrofluoric acid from the  mixture; (3)  the  mixture was cooled t:, 
205°C under a helium atmosphere and UF4 was admitted. Upon the  addi t ion 

of the  UF4, the  mixture was remelted, heated t o  815"C, and then t rea ted  

again with hydrogen t o  purge the excess hydrofluoric acid.  

A l l  mixtures were prepared i n  303-lb quant i t ies  and apportioned i n t o  

50-lb containers,  a f t e r  which samples were submitted for analys is  of 

N i ,  Fe, and C r .  It was required t h a t  each of these elements be present I 



i n  amounts l e s s  than 500 ppm as  determined from indiv idua l  batch analyses. 

A second before- tes t  ana lys i s  of each s a l t  mixture w a s  obtained from a 

sample of t he  salt  taken as it was being admitted t o  the  t e s t  loop. 

Operating Procedures 

Each loop w a s  thoroughly degreased with acetone and checked f o r  

leaks using a helium mass spectrometer. After thermocouples and hea ters  

were assembled and insu la t ion  was applied,  t h e  loop was placed i n  a t e s t  

stand, a s  shown i n  Fig. 2. 

The salt  charging pot was connected t o  the  loop with n icke l  or 

Inconel tubing, and both the  loop and the  charging pot were heated t o  

650°C under a dynamic vacuum of l e s s  than 50 p Hg. 

then applied t o  the  charging pot i n  order t o  force t h e  s a l t  mixture from 

the  pot t o  the  loop. 

loop a t  650°C f o r  approximately 2 hr ,  so t h a t  oxides and other  impuri- 

t i e s  would be dissolved from the  container surface i n t o  the  s a l t  mixture. 

This mixture was then removed, and a f r e sh  s a l t  mixture was admitted 

from the f luor ide  charging pot. 

pressure (approx 5 ps ig)  was maintained over the  s a l t  mixture during a l l  

periods of t e s t i n g .  

Helium pressure was 

After f i l l i n g ,  s a l t  was allowed t o  stand i n  the  

A helium cover gas under s l i g h t  pos i t ive  

A t  t he  end of t e s t ,  power t o  the  loop was cut of f  and insu la t ion  

was s t r ipped f r o m t h e  loop so as to f reeze the  salt  mixture a s  r ap id ly  

as possible. 

Te s t Examination 

Each loop was sectioned with a tubing c u t t e r  i n t o  approximately 

6-in. lengths.  Five 2-in. sect ions were then removed from the  loop posi-  

t i o n s  indicated i n  Fig. 1 f o r  metallographic examination. 

remaining 6-in. sect ions,  one from the  h o t t e s t  sec t ion  of t h e  loop 

(specimen H) and one from t h e  co ldes t  sect ion (specimen C ) ,  were obtained 

f o r  salt  chemistry s tud ies ,  and the  remaining loop segments were held i n  

storage u n t i l  a l l  examinations of t he  loop were completed. 

Two of the  

S a l t  removal was accomplished by heating each sect ion i n  a small 

tube furnace a t  600°C i n  helium. The s a l t  was col lected i n  a graphi te  



ig. 2. Photograph o ermal Convection Lo 

-_ 
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cruc ib le  located below the  furnace windings. 

tubing were examined metallographically,  and the  s a l t  samples were sub- 

mitted ind iv idua l ly  fo r  petrographic and chemical analyses. If layers 

of corrosion products were discovered on the  tube wall ,  samples of the  

tubing and salt  contained i n  t h a t  sect ion were a l so  submitted f o r  x-ray 

d i f f r a c t i o n  examination. 

The f ive  2-in. sect ions of 

RESULTS AND DISCUSSION 

Alloying e f f ec t s  were evaluated i n  terms of both the  corrosion 

products enter ing the  s a l t  mixtures and the  metallographic appearance of 

t he  a l l o y  a f t e r  t e s t .  

according t o  t h e  al loying element studied. 

Results have been grouped i n  t h i s  sect ion 

chromium 

Corrosion-Product Concentrations 

Effec ts  of chromium addi t ions were examined i n  s i x  t e rna ry  a l loys  

with chromium contents of 3.2 t o  11.0 a t .  $. 
compositions w a s  operated with Sa l t  107 fo r  500 h r  under the  t e s t  condi- 

t i o n s  described above. The compositions invest igated and the  at tendant  

concentrations of chromium ions i n  s a l t  samples taken a t  t h e  conclusion 

of these  t e s t s  a r e  shown i n  Table 4. The extent of reac t ion  between 

chromium and f luor ide  const i tuents ,  a s  indicated by t h e  chromium ion con- 

cent ra t ions ,  increased w i t h  t he  amount of chromium i n  the  a l loy .  This 

increase i s  i l l u s t r a t e d  graphica l ly  i n  Fig. 3, where the  data  a re  com- 

pared with data f o r  Inconel14 and f o r  pure chromium.15 

t h a t  t h e  chromium concentrations of t h e  salts  were l e s s  than those for 

Inconel loops operated under i d e n t i c a l  temperature conditions.  

zonta l  l i n e ,  which represents  t h e  chromium ion concentration a t  

One loop of each of these 

It may be noted 

A hor i -  

1 4 G .  M. Adamson, R. S. Crouse, and W. D. Manly, Inter im Report on 
Corrosion by Alkali-Metal Fluorides:  Work t o  May 1, 1953, ORNL-2337 
(1959). 

"J. D. Redman, A 5  ORNL-2440, 
pp . 7842. 
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Table 4. Corrosion-Product Concentrations of S a l t s  Tested w i t h  
Nickel-Molybdenum-Chromium Alloys 

W 

Chromium Concentration i n  

C r  Other Components (hr )  Sample H Sample C Other 

Test S a l t  Samples" (mole $1 
Alloy Composition 

( a t .  $1 Duration Heat 
Number 

OR 37A-1 3.20 13.5 Mo, b a l  N i  520 3.3194 0.0180 0.0213 

OR 30-1 3.41 11.1 Mo, b a l  N i  5 00 3.0222 0.0365 0.0291 

OR 30-2 5.55 10.8 Mo, b a l  N i  5C0 3.3375 0.0352 0.0376 

OR 30-2 5.55 10.8 Mo, b a l  N i  1300 0.0509 0.0509 0.0543 

OR 30-6 7.60 9.72 Mo, b a l  N i  500 0.0606 0.0606 0.0566 

OR 43A-3 7.71 13.4 Mo, b a l  N i  500 0.0453 0.0476 0.0425 

OR 30-4 11.04 10.6 Mo, b a l  N i  5 20 0.0819 0.0814 0.0699 

a Sample designations "H" and "C" a re  discussed on page 13; "other" 
designates sa l t  samples obtained f r o m  metallographic specimens. 

equilibrium with pure chromium a t  GOO"C, i s  seen i n  Fig. 3 t o  be above 

the  measured chromium ion  concentrations for a l l  a l loys  t e s t e d .  Thus, 

t h e  observed concentrations were l e s s  than  those required f o r  t h e  forma- 

t i o n  of pure chromium c r y s t a l s  i n  the  co ldes t  por t ion  of t h e  loops 

(approx 650 " C )  . 
A s  discussed previously, t h e  concentration o f  chromium ions under 

the  conditions of these  t e s t s  should be governed by the  r e l a t i o n  

rEq. ( 1 1 1 1  

where NCr ions i s  the  mole f r a c t i o n  of chromium ions  i n  S a l t  107 a t  

equilibrium with an a l l o y  of  given chromium a c t i v i t y ,  Q 

t h a t  NCr g ives  an approximate measure of a 
concenGations for these  a l loys  should l i e w i t h i n  a region which i s  

bounded above by  the  function determined a t  a temperature equivalent t o  

t h e  maximum loop temperature and below by the  function determined a t  t h e  

minimum loop temperature. 

If we assume 

t h e  resu1Gnt  chromium ion 
C r '  

C r  ' 

Bounds using experimental values of K2 W 
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Fig. 3. Concentration of Chromium Ions i n  S a l t  107 a s  a Function 
of Chromium Content i n  Nickel-Molybdenum-Chromium Alloys. 

measured a t  800 and 600 "C (Table 1) , which reasonably approximate the  

maximum and minimum loop temperatures, a r e  p lo t ted  i n  Fig. 3 and a r e  

seen t o  include only two of t h e  observed loop concentrations,  both cor re-  

sponding t o  chromium compositions g r e a t e r  than  7 a t .  %. 
for t he  a l l o y  with l e a s t  chromium content,  a l l  concentrations l i e  r e l -  

a t i v e l y  close t o  the  lower bound and roughly approximate the  slope of 

t h i s  bound. 

However, except 

The deviat ion of  measured corrosion-product concentrations i n  these 

t e s t s  from the  predicted concentration ranges may have resu l ted  pr imari ly  

However, assuming from inaccuracy i n  the  assumption t h a t  N C r '  equals Cy C r  
cy t o  be accura te ly  known, the  corrosioKproduct  concentrations i n  these 

C r  
t z t s  would nevertheless  have been lower than those predicted,  s ince cor- 

rosive a t t a c k  would necessar i ly  reduce the  chromium content and hence the  
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chromium a c t i v i t y  a t  the  surface of  t h e  a l loys  r e l a t i v e  t o  the  o r i g i n a l  

chromium a c t i v i t y .  We a l s o  examined the  p o s s i b i l i t y  t h a t  t he  t e s t  times 

were not s u f f i c i e n t l y  long f o r  t h e  chromium concentration of t he  s a l t  t o  

have completely a t t a ined  t h e  maximum or steady-state  l eve l .  To evaluate  

t h i s  l a t te r  point ,  s u f f i c i e n t  mater ia l  of one of t he  a l l o y  compositions, 

heat  OR 30-2, was obtained t o  permit t he  operat ion of  a 1000-hr t e s t .  

Resul ts  of t h i s  t e s t ,  which are shown i n  Table 4 and Fig.  3, indicated 

t h a t  only a small increase i n  chromium concentration occurred between the  

500- and 1000-hr in t e rva l s .  It was concluded, therefore ,  t h a t  t he  500-hr 

t es t  provided a reasonably c lose  est imate  of t he  l imi t ing  corrosion- 

product concentrations associated with the  temperature condi t ions of these  

experiments. 

Additional data on the  e f f e c t s  of chromium i n  nickel-molybdenum a l loys  

were afforded by t e s t s  of f i v e  a l loys  which contained chromium i n  combina- 

t i o n  w i t h  one o r  more other  alloying elements,  as shown i n  Table 5. N o t -  

withstanding t h e  add i t iona l  a l loy ing  agen+,s, the  concentrations of 

chromium-containing corrosion prodncts following 500-hr tes ts  of  these 

a l loys  i n  S a l t  1C7, as shown i n  Table 5: were comparable t o  the  concen- 

t r a t i o n s  associated with the  simple t e rna ry  chromium-containing a l loys .  

The corrosion-product concentrations f o r  t h e  a l l o y s  with mult iple  addi t ions  

a re  p lo t ted  i n  Fig.  4 ,  and a r e  seen t o  show the  same general  va r i a t ion  

with chromium content as the  t e rna ry  a l loys  ( see  Fig.  3 ) .  

Also shown i n  Table 5 and Fig.  4 a r e  the  r e s u l t s  of 1000-hr t e s t s  of 

fom of  t he  a l loys  containing mxlt iple  addi t ions .  A f t e r  a l l  but  one of 

these  tes ts ,  t h e  chromium ion concentrations i n  the  s a l t s  were s l i g h t l y  

higher than f o r  500-hr t e s t s  of the  same a l loys ;  i n  one t e s t ,  t he  chromium 

ion  concentration was unaccountably lower. The chromium ion  concentra- 

t i o n s  of these  multicomponent a l loys  again f e l l  near those predicted on 

the  b a s i s  of  equi l ibr ium da ta  f o r  pure chromium a t  600°C and were con- 

s iderably  less  than the  concentration needed t o  deposi t  pure chromium a t  

600 "C. 

The chromium a c t i v i t i e s  i n  a l l  of the  a l loys  tes ted  would appear on 

the  b a s i s  of corresponding corrosion-product concentrations t o  be lower 

than the  a c t i v i t y  o f  chromium i n  Inconel.  

note i n  Figs .  3 o r  4 t h a t  any a l l o y  I n  which the  chromium a c t i v i t y  

However, it i s  important t o  

Y 



Table 5. Corrosion-Product Concentrations of Salts Tested with Nickel-Molybdenum Alloys 
Containing Chromium in Combination with Other Alloying Elements 

Alloy Composition, at. $ Chromium Concentration in 
Heat Test 

Number Duration Salt Samples," mole $ 

Chromium Other Components (hr) Sample H Sample C Other 

OR 30-16 4.30 2.54 Al, 1.90 Ti, 10.2 MO, 
bal Ni 

1.27 Al, 2.91 N-b, 1.72 W, 
10.2 MO, bal Ni 

1.59 Al, 5.56 Fe, 9.66 MO, 
bal Ni 

0.43 Fe, 0.39 Nb, 2.61 Al, 
10.05 MO, bal Ni 

0.43 Fe, 0.39 Nb, 2.61 Al, 
10.05 MO, bal Ni 

1.48 Nb, 14.0 MO, bal Ni 

1.57 N-b, 3.06 Al, 14.2 MO, 
bal Ni 

1.57 Nb, 3.06 Al, 14.2 MO, 
bal Ni 

500 0.0227 0.0236 0.0204 

S T23011 4.79 500 0.0490 0.0490 0.0426 

1000 0.0689 0.0731 0.0620 OR 30-33 5.90 

OR 30-22 6.64 500 0.0583 0.0555 0.0490 

OR 30-22 6.64 1000 0.0416 0.0402 0.0370 

B3276 9.32 

B3277 9.47 

500 

500 

1000 

0.0615 0.0615 0.0578 

0.0698 0.0700 0.0624 

0.0731 0.0657 0.0740 B3277 9.47 

'Sample designations 'Hfl and "C" are discussed on page 13; "other" designates samples 
obtained from metallographic specimens. 
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Fig. 4 .  
of  Chromium Contents i n  Nickel-Molybdenum Alloys Containing Multiple 
Alloy Additions. 

Concentration 01’Chroniun Ions i n  S a l t  107 as a Function 

exceeded a value of 3.935 would support t he  formation of  pure chromium 

a t  600°C i n  any case where the  concentration of CrF2 and CrF3 approached 

equilibrium with the  a l l o y  a t  temperatures of 800°C or  above. 

unless  the  a c t i v i t y  coe f f i c i en t s  f o r  chromium i n  these a l loys  a re  much 

smaller than uni ty ,  the  p o s s i b i l i t y  for the  deposi t ion of  pure chromium 

i n  cold-leg regions cannot be completely excluded f o r  any of the  a l loys  

t e s t e d  . 

Thus, 

I n  the  case of ZrF4- o r  EeF2-base salt  mixtures, t he  temperature 

It dependence of  t h e  Cr-UF4 reac t ion  i s  much l e s s  than f o r  S a l t  107. 

has been shown16 t h a t  i n  these  mixtures, a l loys  having a chromium 

I6W. R. Grimes, ANP Quart. Progr. Rept. March 10, 1956, ORNL-2106, 
pp. 96-99. 

W 
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a c t i v i t y  equivalent t o  or l e s s  than t h a t  f o r  Inconel cannot support 

chromium ion concentrations a t  800°C which are  s u f f i c i e n t l y  high t o  main- 

t a i n  pure chromium a t  600°C. Consequently, mass t r a n s f e r  of chromium 

by deposit ion of pure chromium c r y s t a l s  i n  the  l a t t e r  s a l t  mixtures 

should not be possible f o r  any of the a l loys  l i s t e d  i n  Tables 4 and 5. 

MetalloaraDhic Results 

. 

Metallographic examinations of the  t e rna ry  a l loys  shown i n  Table 4 

showed l i t t l e  evidence of corrosive a t t ack  other  than shallow surface 

roughening. 

nickel-chromium a l loys  under s imilar  t e s t  conditions,  l7 was not detected 

i n  any of these a l loys .  

f o r  t h e  a l l o y  containing 5.55 a t .  '$ C r  (hea t  OR 30-2) a f t e r  500- and 

1000-hr t e s t s ,  respect ively,  are  compared i n  Fig. 5 .  Although the  depth 

of a t t ack  w a s  s imilar  a t  both time in t e rva l s ,  t he  i n t e n s i t y  of surface 

p i t t i n g  was somewhat grea te r  a f t e r  the  1000-hr exposure. 

of surface roughening was a l so  found t o  increase with increasing chro- 

m i u m  concentration. This i s  seen i n  Fig. 6 which compares photomicro- 

graphs of two a l loys  containing d i f f e ren t  chromium contents.  Cold-leg 

sect ions of these loops showed no evidence of corrosion and contained 

no v i s i b l e  deposi ts  of corrosion products. 

Void formation, which c h a r a c t e r i s t i c a l l y  had been found i n  

The r e l a t i v e  depths of a t t ack  which occurred 

The i n t e n s i t y  

The depths of a t t ack  observed metallographically f o r  a l loys  con- 

t a in ing  chromium i n  combination with other  addi t ions a re  shown graphi- 

c a l l y  i n  Fig, 7. 
roughening af'ter 500 h r  and a s  a combination of surface p i t t i n g  and 

shallow void formation a f t e r  1000 h r .  

e r a l  higher than f o r  t he  t e rna ry  chromium-containing a l loys ,  p a r t i c u l a r l y  

i n  a l loys  which contained aluminum addi t ions.  

Attack i n  these a l loys  was manifested as surface 

Depths of corrosion were i n  gen- 

1 7 L .  S. Richardson, D. C .  Vreeland, and W. D. Manly, Corrosion by 
Molten Fluorides,  ORNL-1491 (Sept . 1952) .  
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. Appearance of f Ternary N i c  m 
inin? 5.55 at. xposure to Salt 

Heat OR 30-2. a) After 50 fter 1000 hr. 
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Fig. 6. Hot-Leg Se f Nickel-Molybdenum-Chromium Thermal 
Convection Loops Followin 
(a) 3.2 (3-13.5 Mo-bal 

hr Exposure to Salt 107. 
1, (b) 11.0 CI-10.6 Mo-bal Ni (at. $1. 
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Fig.  7. Depths of  Corrosion Observed f o r  Nickel-Molybdenum Alloys 
with Multiple Alloy Additions Following Exposure t o  S a l t  107. 
designating corrosion depths appear d i r e c t l y  above the  a l l o y  compositions 
vhick they represent .  
negat ively sloped cross-hatching, the  height  of p o s i t i v e l y  sloped cross- 
hatching ind ica tes  depth of corrosion a f t e r  500 h r  and combined height  of 
both t m e s  ind ica tes  depth a f t e r  1323 h r . )  

Bars 

(Wkere bars  have both pos i t i ve ly  sloped and 

Aluminum 

Corrosion-Product Concentrations 

Table 6 l i s t s  t h e  concentrations of aluminum which w e r e  a n a l y t i c a l l y  

determined i n  f luor ide  mixtures operated for  500- and 1000-hr periods 

with nickel-molybdenum a l loys  containing s ingle  addi t ions  of aluminum. 

I n  the  case of a l loys  containing g rea t e r  than 2 a t .  '$ A l ,  t he  cor re-  

sponding aluminum concentrations i n  the  s a l t  mixture were re la t ive ly  

high, t h a t  i s ,  i n  the  range of 0.15-0.37 mole $. 
t i o n  was subjected t o  t e s t s  a t  both 500 and 1000 h r ;  however, resul ts  

f o r  t h i s  a l l o y  suggest t h a t  e f f e c t i v e l y  s imi la r  salt  concentrat ions were 

Only one a l l o y  composi- 
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Table 6. Corrosion-Product Concentrations of Salts Tested with 

Nickel-Molybdznum-Aluminum Alloys 

Aluminum Concentration in 
Salt Samples" (mole $) Test 

Duration 

Alloy Composition 
Heat (at. $1 
Number 

A1 Other Components (hr) Sample H Sample C Other 

v 

S T23012 1.22 11.4 Mo, bal Ni 500 0.000872 0.000872 b 
OR 30-7 4.26 10.15 Mo, bal Ni 500 0.220 0.070 0.137 
OR 30-7 4.26 10.15 Mo, bal Ni 1000 0.214 0.105 0.178 
OR 1491 4.85 6.99 Mo, bal Ni 1000 0.374 0.374 0.374 

Sample designations "H" and "C" are discussed on page 13; "other" a 

designates samples obtained from metallographic specimens. 

bNot determined. 

realized for both time intervals. Table 7 lists the concentrations of 
corrosion products which formed in salt mixtures circulated in loops 

containing aluminum in combination with other alloying elements. 

concentrations were of the same general magnitudes as those observed f o r  

the ternary Ni -Mo -A1 alloys. 

These 

The corrosion-product concentrations showed no definable correspon- 

dence with the aluminum content of the alloys. However, the propensity 

for aluminum to react with interstitial contaminants, such as nitrogen, 

in these alloys, makes the activity of aluminum in the alloys very depen- 

dent on composition and metallurgical history. For this reason poor 

correspondence between the corrosion-product concentration and total 

aluminum concentration in the alloy would not be unexpected. 

It is apparent from tests of both the ternary and multicomponent 

alloys that aluminum additions less than 2 at. $ give rise to very much 
lower aluminum ion concentrations than additions above 2 at. 8 .  
observation may suggest that below a concentration of 2 at. $ the bulk 
of the aluminum addition has formed highly stable compounds with 

interstitial contaminants in the alloy. 

This 

Metallographic Results 

Hot-leg surfaces of ternary alloys containing aluminum in amounts 

greater than 2 at. $ underwent relatively severe attack by Salt 107 in 



Table 7. Corrosion-Product Concentrations of Salts Tested with Nickel-Molybdenum Alloys 
Containing Aluminum in Combination with Other Alloying Elements 

Aluminum Concentration of Salt Alloy Composition, at. Test Samples," mole $ 

Aluminum Other Components Sample H Sample C Other 

Dura t i on Heat 
Number 

(hr) 

S T23014 
S T23013 

1.30 

1.40 
10.8 Mo, 2.7 Ti, bal Ni 
10.4 Mo, 3.2 Nb, 1.8 W, 

9.7 Mo, 5.9 Cr, 5.6 Fe, 

10.2 Mo, 4.3 Cr, 1.9 Ti, 
bal Ni 

10.0 Mo, 6.6 Cr, 0.4 Fe, 
0.4 Nb, 2.6 W, bal Ni 

10.0 Mo, 6.6 Cr, 0.4 Fe, 
0.4 Nb, 2.6 W, bal Ni 
14.2 Mo, 9.5 Cr, 1.6 Nb, 
3.1 W, bal Ni 

14.2 Mo, 9.5 Cr, 1.6 Nb, 
3.1 W, bal Ni 
10.4 Mo, 1.9 Ti, bal Ni 
10.4 Mo, 1.9 Ti, bal Ni 

bal Ni 

bal Ni 

500 
500 

<O. 0009 
0.160 

<O .0009 
0.0606 

<O .0009 
b 

0.0660 0.124 OR 30-33 1.59 1000 0.0820 

0.358 0.326 0.334 OR 30-16 2.54 500 

0.244 OR 30-22 2.61 500 0.382 0.570 

0.249 0.259 OR 30-22 2.61 1000 b 

0.502 0.525 0.481 B32 77 3.06 500 

B32 77 3.06 1000 0.473 0.394 0.374 

OR 30-14 
OR 30-14 

5.51 

5.51 

500 

1000 
0.394 
0.250 

0.434 
0.174 

0.499 
0.0960 

a Sample designations "H" and "C" are discussed on page 13 ; I f  other" designates samples 
obtained from metallographic specimens. 

bNot determined. 
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the form of surface p i t t ing  and subsurface void formation. 

was evident t o  a depth of 0.002 in.  i n  500-hr t e s t s  of these alloys and 

t o  0.003 in.  i n  1000-hr tes t s .  

containing 4.27 a t .  $I A 1  a f t e r  a 1000-hr test  exposure. 

a l loy containing only 1.22 at. $I A 1  revealed negligible attack a f t e r  a 
500-hr exposure t o  Salt  107. 

Void formation 

Figure 8 shows the appearance of an al loy 

However, an 

Alloys containing aluminum combined w i t h  other alloying components 

a lso exhibited both surface p i t t ing  and subsurface void formation a f t e r  

exposure t o  Salt 107. The depths of attack fo r  these alloys are shown 

graphically i n  Fig. 7. 
l i gh t  attack except i n  alloys where chromium additions were also present. 

Alloys which contained over 2.5 a t .  $, Al i n  combination w i t h  chromium or 

titanium revealed pronounced attack i n  the form of subsurface voids t o  

depths ranging from 0.002 t o  0.00.5.5 in .  
were unattacked and contained no insoluble corrosion products. 

Additions of up t o  2 at .  $, A l  resulted i n  only 

Cold-leg sections of a l l  loops 

. .  

Fig. 8. Hot-Leg f Ternary Nickel-Molybdenum Alloy 
Containing 4.27 a t .  $, 000-hr Exposure t o  Sa l t  107. Heat OR 30-7. 



28 

Titanium 

Corrosion-Product Concentrations 

Titanium-containing a l loys  which were invest igated a re  l i s t e d  i n  

Table 8, together  with at tendant  t i tanium corrosion-product concentra- 

t i o n s .  Except for t he  f i r s t  composition shown, which contained 

2.47 at .  $ T i ,  a l loying agents i n  addi t ion  t o  t i t an ium were present i n  

a l l  of  the  a l loys  evaluated. The corrosion proper t ies  of  the  s ing le  

t e rna ry  a l l o y  were studied a t  both 500- and 1000-hr time in t e rva l s .  

Analyses of sa l ts  operated i n  loops of t h i s  a l l o y  revealed t i tanium 

4 

Table 8. Corrosion-Product Concentrations of S a l t s  Tested with 
Nickel-Molybdenum Alloys Containing Titanium 

Titanium Concentration i n  Test Alloy Coxposition 
Heat ( a t .  $1 Duration S a l t  Samples" (mole $> 

Number 
T i  Other Components (hr )  Sample H Sample C Other 

OR 3C-8 
OR 30-8 
a897 

2.47 
2.47 
1.68 

11.6 Mo, b a l  N i  

11.6 Mo, bal  N i  

13.8 Mo, 2.9 Nb, 

10.2 Mo, 4.3 C r ,  
2.5 Al, b a l  N1 

13.4 Mo, 5.5 Al, 
b a l  N i  

10.4 Mo, 5.5 A l ,  

11.3 Mo, 2.2 Al, 

10.8 Mo, 1.3 Al, 

13.2 Mo, 0.9 Nb,  

b a l  N i  

b a l  N i  

b a l  N i  

b a l  N i  

b a l  N i  

5c3 

1000 
1020 

0.0394 
0.0404 
0.0373 

0.0386 
0.0495 
0.0383 

0.0380 
G. 05C5 
0.0283 

1.90 0.0378 0.0348 3.0500 OR 30-16 

0.03'78 OR 3C-14 1.92 503 0.0449 0.0489 

0.0373 0.053C 0.0434 OR 3C-14 1.92 lC00 

5 00 0.0389 0.0404 0. @A84 OR 30-13 2.02 

S T23014 2.71 5 00 12.018'7 0.0242 0.0187 

0.0252 B2898 3.24 500 0.0353 b 

a Sample designation "H" and "C" a r e  discussed on page 13; lfother 'f  
designates samples obtained from metallographic specimens. 

bNot determined. 
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P 

b, 

concentrations of 0.038-0.04-0 mole $ a f t e r  500 h r  and 0.040-0.055 mole $ 
a f t e r  1000 hr. 

s a l t s  circulated i n  loops constructed of the other titanium-bearing 

alloys, i n  which titanium contents ranged from 1.68-3.24 a t .  $. 
the t e s t  of the 2.71 a t .  $ al loy effected a titanium salt concentration 
significantly different from the ternary alloy, the concentration i n  
the former t e s t  being unaccountably lower than for  the other t e s t s .  

These 'analyses correspond closely t o  the analyses of 

Only 

Metallographic Results 

The ternary titanium-bearing a l loy  revealed only l igh t  attack i n  

the form of surface p i t t ing  a f t e r  both the 500- and 1000-hr t e s t  in te r -  

vals. 

hot-leg section of t h i s  a l loy a f t e r  the longer t e s t  interval.  

at tack which were observed i n  the remainder of the titanium-bearing 

alloys are graphically depicted i n  Fig. 7. 

t ions were present i n  these alloys i n  amounts greater than 2 at. 6, 

The photomicrograph i n  Fig. 9 shows the appearance of a typical  
Depths of 

Except where aluminum addi- 

depths of attack were i n  a l l  cases l e s s  than 0.003 in. and generall 

Fig. 9. Hot-Leg Surface of Ternary Nickel-Molybdenum Alloy C 
taining 2.47 a t .  $ T i  After 1000-hr Exposure t o  Sal t  107. Heat OR 

-Y 

on- 
30-8. 
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were l e s s  than 0.002 in .  

surface p i t t i n g  and shallow vi;id formation. No a t t ack  was seen i n  the  

cold-leg sect ions of any of the  titanium-containing loops nor were cold- 

leg  deposi ts  detected.  

Attack i n  a l l  cases w a s  manifested as general  

Vanadium 

Corrosion-Product Concentrations 

Loops were operated with two t e rna ry  a l loys  containing ranadi un 

addi t ions of 2.73 and 5.11 a t .  $, respect ively.  A s  shown i n  Table 9, 

t he  vanadium concentration detected i n  a s a l t  mixture t e s t e d  with the  

former a l l o y  a f t e r  500-hr exposure was l e s s  than 0.005 mole $. 
s a l t s  operated with the  a l l o y  of higher vanadium content contained 

0.027 mole % V i n  a 500-hr t e s t  and 0.0194.020 mole $ V i n  a 1000-hr 

t e s t .  

However, 

Metallographic Results 

Metallographic examination of the a l l o y  with 2.73 a t .  $I V revealed 

very l i g h t  a t t ack  i n  the  form of surface roughening. Hot-leg surfaces 

of t he  a l l o y  with 5.11 a t .  $ V exhibited a t t ack  i n  the  form of void 

formation t o  a depth of 0.002 in .  i n  t he  500-hr loop and 0.004 in .  i n  

t he  1000-hr loop. A photomicrograph i l l u s t r a t i n g  a t t ack  incurred by the  

l a t t e r  loop i s  shown i n  Fig. 10. 

I r o n  

Corrosion-Product Concentrations 

3 n l y t w o  loop t e s t s  were completed with a l loys  containing i r o n  a s  a 

Results of both t e s t s ,  one of which operated f o r  500 h r  major addi t ion.  

and the  other  f o r  1000 h r ,  a re  summarized i n  Table 9. I n  the  500-hr 

loop, which contained 4.12 a t .  ’$ Fe, a f t e r - t e s t  s a l t  samples were ana- 

lyzed t o  contain 0.013-0.015 mole $ Fe. 

ta ined 5.56 a t .  % Fe together  with aluminum and chromium addi t ions,  the  

a f t e r - t e s t  s a l t  samples contained an even lower i r o n  concentration. It 

would appear t h a t  corrosion products formed by reac t ions  involving 

I n  the  1000-hr loop, which con- 



Table 9. Corrosion-Product Concentrations of Salts Tested with Nickel-Molybdenum 
Alloys Containing Vanadium and Iron 

Corrosion-Product Concentration 
Heat Alloy Composition (at. $> Test in Salt Samples" (mole $1 

Number Duration 

V Fe MO Cr Al Ni (hr) Sample H Sample C Other 

Vanadium Concentration 

OR 30-10 2.73 10.8 bal 500 co.005 co. 005 co.005 

OR 30-20 5.11 10.8 bal 500 0.0274 0.0274 0.0261 

OR 30-20 5.11 10.8 bal 1000 0.0198 0.0194 b 

Iron Concentration 

OR 30-11 4.12 10.8 bal 500 0.0146 0.0134 0.0152 

OR 30-33 5.56 9.7 5.9 1.6 bal 1000 0.00517 0.00387 0.00517 

"Sample designation "H" and "C" are discussed on page 13; 'other" designates samples obtained 
from metallographic specimens. 

b Not determined. 



32 

a 

t 

Fig. 10. Attack a t  Hot-Leg Surface of Ternary Nickel-Molybdenum 
Alloy Containing 5.11 a t .  4 V. 
Heat OR 30-20. 

Alloy was exposed t o  Sa l t  107 for  1000 hr. 

chromium and aluminum i n  t h i s  lat ter t e s t  served t o  inhibi t  the reaction 

with iron. 

Metallographic Results 

Metallographic examinations of specimens from the 500-hr loop showed 
no evidence of attack other than l i gh t  surface roughening, 

of the 1000-hr test ,  as indicat 

Examinations 

7, showed corrosive attack t o  
subsurface voids. 

ions were carried out with t e r -  

nary alloys containing 2.20 a $-Nb, respectively. As shown 
i n  Table 10, the niobium conce i n  salts exposed t o  these alloys 

increased from a 
of from 0.022 t o  

value near 0,015 mole $ i n  the 500-hr t e s t s  t o  values 
0.025 mole $I i n  the 1000-hr tests. . Salts  tested with 

,. 
r 
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W Table 10. Corrosion-Product Concentrations of S a l t s  Tested 
with Nickel-Molybdenum-Niobium Alloys 

Alloy Composition Niobium Concentration i n  Test 
Heat ( a t .  Duration S a l t  Samples" (mole $) 

Number 
Nb Mo N i  (hr)  Sample .H Sample C Other 

OR 30-12 2.20 11.1 b a l  5 GO 0.00363 b 0.0135 
OR 30-12 2.20 11.1 b a l  l0OC 0. 0225 0.02C7 C. G233 
OR 30-21 3.62 10.9 b a l  .,EL: 0. 0155 0.0174 0.0153 ;-\I , 

OR 3C-21 3.62 lC.9 b a l  1CJX 2 .  C244 0. C228 0.02.59 
a Sample designations "H" and "C" are discussed on page 13; "other" 

designates samples obtained from metallographic spec: 1 mens. 

bNot determined. 

a l loys  which contained niobium combined with o ther  addi t ions  showed very 

much lower niobium concentrations than d id  the  simple t e r n a r y  a l loys .  

A s  seen i n  Table 11, concentrations i n  the  multiple-addition t e s t s  were 

l e s s  than 0.002 mole % f o r  niobium contents a s  high as 3.62 a t .  $I. 
it appears t h a t  corrosion products formed by reac t ions  with o ther  com- 

ponents i n  these  a l loys ,  namely t i tanium, aluminum, and chromium, were 

e f f e c t i v e  i n  i n h i b i t i n g  r eac t ion  of  the  s a l t  with niobium. 

Thus, 

Metallographic Results 

Neither t e r n a r y  a l l o y  containing niobium showed s ign i f i can t  a t t a c k  

i n  metallographic examinations of 500-hr t e s t s ;  however, t h e  presence of 

very  s m a l l  subsurface voids t o  depths of approximately 0 . 0 0 1 i n .  was 

detected i n  examinations of t h e  1000-hr t e s t s ,  as i l l u s t r a t e d  i n  Fig. 11. 

Corrosion r e s u l t s  determined for a l l o y s  containing niobium toge ther  with 

o ther  addi t ions  a re  summarized i n  Fig. 7. Except where aluminum and 

chromium were both present,  a t t a c k  i n  these  a l l o y s  w a s  l e s s  than 

0.002 i n .  i n  depth. 
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Table 11. Corrosion-Product Concentrations of S a l t s  Tested w i t h  
Nickel-Molybdenum Alloys Containing Niobium i n  Combination 

with Other Alloying Elements 

Alloy Composition Niobium Concentration i n  

Nb Other Components (hr)  Sample H Sample C Other 

Test 
Duration S a l t  Samples" (mole 9) Heat ( a t .  $1 

Number 

OR 30-22 

OR 30-22 

B2898 

€2897 

B3276 

B3277 

B32 77 

S T23Q13 

0.39 10.0 Mo, 6.6 C r ,  

0.39 10.0 Mo, 6.6 C r ,  

0.90 13.2 Mo, 3.24 T i ,  

(3.92 13.8 Mo, 1 . 7  T i ,  

1 .48  14.0 Mo, 9 .3  C r ,  

1.57 14.2 Mo, 9 .5  C r ,  

1 .57  14.2 Mo, 9.5 C r ,  

3.23 112.4 Mo, 1 . 4  Al, 

2.6  A l ,  ba l  N i  

2 .6  A l ,  bal  N i  

bal  N i  

b a l  N i  

ba l  N i  

3.1 A l ,  b a l  N i  

3 . 1  A l ,  b a l  N i  

1 .8  W, b a l  N i  

500 

1000 

500 

1000 

500 

500 

loo!: 

500 

0.00129 

0.00052 

<O. 0005 

0.00104 

0.00078 

<O. 0005 

0.002 59 

<O. 0005 

0.00181 0.00207 

0.00104 0.00052 

<O. 0005 b 

0.00052 0.00129 

0.00052 0.00078 

<O. 0005 <O . GOO5 

0.00181 0.00104 

<O. 0005 <O. 0005 . 
a Sample designations "H" and rrC"  a r e  discussed on page 13; "othert1 

designates saniples obtained from metallographic specimens. 

bNot determined. 

Tungsten 

Corrosion-Product Concentrations 

Single a l loy ing  addi t ions  of  tungsten t o  t h e  nickel-molybdenum sys- 

Loop tem were evaluated a t  l e v e l s  of 0.72 and 1.44 a t .  '$, respec t ive ly .  

t e s t s  of both a l loys  were conducted for  500 h r ,  a t  which time tungsten 

concentrations i n  t h e  sal t  mixtures had reached l e v e l s  of 0.029 t o  

0.032 mole 4. 
addi t ion  t o  chromium, niobium, o r  aluminum, t h e  concentration of  tungsten 

detected i n  sal t  samples w a s  below 0.010 mole 4. 
a l loys  and t h e i r  attendant sal t  corrosion-product concentrations a re  

shown i n  Table 12. 

I n  500-hr t e s t s  of  two a l loys  which contained tungsten i n  

Compositions of these  

d 

Y 



L i 

3.62 
Fig.' 11. Appearance of-Voids in Nickel-Molybdenum filoy Car 
at. $ Nb after lOOO-hr Exposure to Salt 107. Heat OR 30-21. _ 

Table 12. Corrosion-Product Concentrations of Salts Tested 
Nickel-Molybdenum Alloys Containing Tungsten 

. 
Heat 

Alloy~;~p;;ition Test 

Number Duration 

W Other Components b=-) Sample H Sample C Other 

OR 30-9 0.72 11.2 MO, ~bal Ni 500 0.0318 0.0287 0.0325 
OR 30-19 1.44 11.4 MO,- bal Ni 500 0.0384 0.0311 0..0310 

ST23011 1.72 10.2 MO, 1.3Al, 500 0.00500 0.00983 b 
2,9'Nb, 4*8 Cr, 
bal Ni 

ST23013 1.85 10.4 iI0,~ 1.4 Al, 500 0.00223 0.00105 b 
bal Ni ~~~ 

aSamples designations ~"H" and "C" are discussed on page 13; wother" 
designates samples obtained -from-metallographic specimens. '- 

b Not determined. 
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Metallographic Results, , 

Metallographic examination of loops constructed of nickel-molybdenum- 
tungsten alloys revealed only slight surface pitting, as illustrated in 
Fig. 12. The addition of aluminum together with tungstenled to heavy 
surface pitting, while the addition of aluminum, chromium, and niobium 
produced subsurface voids to a depth of 0.0025 in., as shown in Fig. 7. 

t 

Fig. 12. Hot-Leg Surface of Nickel-Molybdenum Alloy Containing 
1.44 at. $ W after 500-hr Exposure to Salt 107. Heat CR 30-19. 

‘ 

Relative Thermodynamic Stabilitiesof Alloying Constituents 

Since-the salt mixtures supplied for this investigation were very 
uniform in composition, one.can presume that the same relative activities 
of UFI, and tJF3 existed at the start of each test. It follows, therefore, 

that the relative extent of reaction which occurred between the salt 2 

mixtures and an alloying element 

~$+yuF4=MxFy+yUF3 
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f o r  which 

KCY = 

should be d i r e c t l y  r e l a t e d  t o  t h e  a c t i v i t y  of t h e  f luor ide  compounds, 

M F involving t h a t  element. 
x Y9 

An ind ica t ion  of t he  r e l a t i v e  a c t i v i t i e s  of these  compounds i s  provided 

by a considerat ion of t h e i r  standard f r e e  energies  of formation, a s  

derived from the  r eac t i cn  

where 

I n  Table 13 a r e  l i s t e d  the  standard free energies  of  formation, per  gram- 

atom of  f luor ine ,  of f luor ide  compounds a t  800 and 600°C associated with 

each of the  a l loy ing  elements invest igated.  Values a re  given f o r  the  

most stable compounds ( t h a t  i s ,  those w i t h  most negative free energies)  

reported18 f o r  these  elements, and are l i s t e d  i n  order  of  decreasing 

s t a b i l i t i e s .  The r e su l t an t  order  suggests t h a t  corrosion-product 

concentrat ions associated with each element a t  a given a c t i v i t y  should 

have increased i n  the  following order: W, N b ,  Fe, C r ,  V, T i ,  and A l .  

I n  Fig.  13, the  general  ranges of corrosion-product concentrat ions 

a c t u a l l y  observed f o r  these  components, when present  as s ingle  a l loy ing  

addi t ions ,  are p lo t ted  as  a funct ion of a l l o y  content .  It i s  seen t h a t ,  

18A. Glassner, The Thermodynamic Proper t ies  of  the  Oxides, Fluorides ,  
and Chlorides t o  2500°K, ANL-5'750. 
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Table 13. Relat ive Thermodynamic S t a b i l i t i e s  of Fluoride 
Compounds Formed by Elements Employed as Alloying 

Additions (Data Compiled by Glassner)" 

Y i O 3 O C  AG i o 0  "C Most Stable  
Element Fluoride 

Compound (g :::'of F) 

A 1  AlF3 

T i  TiF3 

v m2 

C r  C rF2 

Fe FeF2 

m mF5 

W wF5 

-87 
-q 5 

-80 

-72 

-66 

c /  

-58 

-46 

-92 

-90 

-84 

-77 

-66 

-60 

-48 
a A. Glassner, The Thermodynamic Proper t ies  of t h e  

Oxides, Fluorides,  and Chlorides t o  253CCK, ANL-5750. 

with the  exception of niobium and tungsten,  t ke  concentrations per  atomic 

per  cent  of addi t ion  do increase i n  the exact order predicted.  Only 

t,ungsten not iceably deviates  from t h i s  predicted behavior; the  causes 

f o r  t h i s  deviat ion have not been establ ished,  although the  number of  

t e s t s  completed on a l loys  with tungsten addi t ions were qui te  l imi ted .  

General Discussion of Alloying Effec ts  

The corrosion-product concentrations associated w i t h  e i t h e r  i ron ,  

niobium, or tungsten al loying addi t ions were much lower when these e l e -  

ments ex is ted  i n  multicomponent a l loys  than i n  simple t e rna ry  a l loys .  

The reason f o r  t h i s  behavior i s  undoubtedly associated with the  presence 

of the  more reac t ive  alloying addi t ions i n  the  multicomponent a l loys .  

Consider, for example, a system containing comparable addi t ions of 

chromium and i ron ,  f o r  which the  corrosion reac t ions  a re  
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Fig. 13. Comparison of Corrosion-Product Concentrations Formed in 
Salt 107 by Various Alloying Additions as a Function of Alloy Content. 
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I 
Since & i s  considerably more negative than  aII, the  equilibrium UF3 

concentration produced by t h e  f i r s t  reac t ion  i s  higher than t h a t  which 

would be produced by t h e  second reac t ion .  According t o  t h e  l a w  of mass 

ac t ion ,  therefore ,  t h e  FeF2 concentration a t  equilibrium should be 

reduced i n  t h e  presence of chromium compared t o  a system containing i r o n  

only. 

I 

While t h i s  means of corrosion i n h i b i t i o n  w a s  e f f e c t i v e  f o r  those 

alloying components l e s s  reac t ive  than chromium, i t s  e f f e c t  was not 

apparent among elements of r e l a t i v e l y  high r e a c t i v i t i e s .  Thus, chromium 

corrosion-product concentrations were the  same i n  the  case of a l loys  con- 

t a in ing  both aluminum and chromium as i n  the  case of a l loys  containing 

chromium alone. Similarly,  t h e  presence of aluminum did  not no t iceably  

reduce the  titanium-corrosion products associated with titanium-containing 

a l loys .  For most of t he  multicomponent a l loys ,  t he  amount of chromium and 

t i tanium, on an atomic percent basis, exceeded t h a t  of aluminum; conse- 

quently t h e i r  a c t i v i t i e s  could have approached t h e  a c t i v i t y  of t h e  alumi- 

num component. Nevertheless, t h e  high aluminum concentrations of f luo -  

r i d e  mixtures a f t e r  these  t e s t s  suggest a l e v e l  of UF3 higher than  would 

have been produced by e i t h e r  chromium o r  t i t an ium alone, so t h a t  some 

i n h i b i t i v e  ac t ion  would be predicted.  The f a c t  t h a t  none occurred may 

suggest t h a t  t he  measured aluminum concentrations were somewhat higher 

than a c t u a l l y  ex is ted .  ' 

S L W R Y  AND CONCLUSIONS 

The corrosion proper t ies  of solid-solution a l loy ing  elements i n  the  

Ni-17$ Mo system were inves t iga ted  i n  molten mixtures of NaF-LiF-KF-UFL 

( 11.2-41.0-45.3-2.5 mole 5 ) .  The corrosion s u s c e p t i b i l i t y  of alloying 

addi t ions  was found t o  increase i n  the  following order :  Fe, Nb, V, Cr, 

W, T i ,  and A l .  With the  exception of tungsten, t h e  s u s c e p t i b i l i t y  of 

"Considerable d i f f i c u l t y  was i n  f a c t  encountered i n  analyses of 
t h i s  element by wet chemical methods. 
samples were consequently made using semiquantitative spectrographic 
techniques. 
by a f a c t o r  of approximately 2/3 than the  values t h a t  were reported i n  
Tables 6 and 7. 

Analyses of a l imited number of 

Concentrations obtained by the  l a t t e r  technique were lower 
Y 
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t hese  elements t o  corrosion increased i n  approximately the  same order a s  

t he  s t a b i l i t i e s  of f luor ide  compounds of t h e  elements. 

The corrosion-product concentrations produced by e i t h e r  iron, nio- 

bium or tungsten a l loy ing  addi t ions  i n  the  above sal t  mixture were much 

lower when these  elements ex is ted  i n  combination with chromium, t i tanium, 

or aluminum than when they  ex is ted  a s  s ing le  alloying addi t ions .  I n  con- 

t ras t ,  corrosion-product concentrations associated with chromium, t i t a -  
nium, or aluminum were unchanged by the  presence of o ther  a l loy ing  

cons t i t uen t s .  

The metallographic examinations of a l l  a l loys  inves t iga ted  under 

t h i s  program showed considerably l e s s  corrosion than Inconel under equiv- 

a l e n t  conditions.  Surface roughening or shallow p i t t i n g  was manifested 

i n  hot-leg sec t ions  of a l l  t h e  loops t e s t e d .  Shallow subsurface voids 

were a l s o  seen i n  aluminum- and niobium-containing systems. Alloys con- 

t a in ing  more than  one a l loy ing  addi t ion  invar iab ly  were attacked t o  

depths g r e a t e r  than a l loys  containing each of t he  addi t ions  ind iv idua l ly .  

The g r e a t e s t  depths of a t t ack ,  which ranged from 0.003 t o  0.0045 i n .  i n  

1000-hr exposures, were incurred i n  a l loys  which contained combined addi-  

t i o n s  of aluminum and chromium or aluminum and ti tanium. 

e i t h e r  aluminum or t i t an ium i n  no case exhibited a t t a c k  t o  depths of 

more than  0.002 in .  and gene ra l ly  showed a t t a c k  i n  the  range from 

0.001 t o  0.002 i n .  

Alloys without 

I n  t h e  case of t he  majority of a l loys  t e s t e d ,  the  depth of a t t a c k  

increased a t  a g r e a t e r  r a t e  between 0 and 500 hr  than between 500 and 

1000 h r .  This finding i s  i n  agreement with the  concentrations of corro- 

s ion  products, which i n  genera l  increased only s l i g h t l y  between the  p e r i -  

ods of 500 and 1000 hr .  Both r e s u l t s  suggest t h a t  nea r ly  steady-state 

conditions were es tab l i shed  within the  f i r s t  500 h r  of t e s t  operation. 

I n  view of t h e  gene ra l ly  favorable r e s u l t s  of these  t e s t s ,  one has 

considerable freedom i n  the  choice of p o t e n t i a l  alloying components f o r  

nickel-molybdenum a l loys  f o r  molten salt se rv ice .  Only t i t an ium and 

aluminum appear t o  a f ford  p o t e n t i a l  corrosion problems, p a r t i c u l a r l y  i f  

used as combined addi t ions  o r  i n  combination with chromium. 

choice of an optimum a l l o y  composition f o r  any given appl ica t ion  can be 

judged mainly on t h e  basis of s t rength  and f ab r i ca t ion  requirement. 

Thus, t h e  
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