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EFFECT OF AW;OYI.NG ADDITIONS ON CORROSION EBHAYIOR OF NECKEL- 
MOLYBDENUM ALLOYS I N  FUXED FLUORIDE MIXTURES 

ABSTRACT 

Fused f luo r ide  mixtures containing UF4 have been developed 
as f u e l  so lu t ions  f o r  high-temperature nuclear  r eac to r s .  To 
develop conta iner  ma te r i a l s  f o r  such Mixtures, we inves t iga t ed  
t h e  corrosion p rope r t i e s  of nickel-molybdenum a l l o y s  with v a r i -  
ous so l id - so lu t ion  s t rengthening addi t ions .  These evaluat ions 
u t i l i z e d  thermal convection loops which c i r c u l a t e d  sa l t  mix- 
t u r e s  between a hot-zone temperature of 815°C and a cold-zone 
temperature of 650 "C. 

The a l l o y s  se lec ted  f o r  s tudy contained 17 t o  20$ Mo and 
var ious percentages of  C r ,  A l ,  T i ,  V, Fe, Nb, and W. Loops of 
i nd iv idua l  a l l o y s  were exposed t o  the  s a l t  mixture NaF-LiF-KF-UF4 
(11.2-45.341,0-2.5 mole '$) f o r  per iods of 500 and 1000 hr .  
Measurements o f  t h e  concentrat ions of corrosion products i n  
a f t e r - t e s t  salt  samples ind ica ted  t h e  corrosion s u s c e p t i b i l i t y  
of  a l loy ing  add i t ions  t o  increase  i n  t h i s  order :  Fe, Nb, V, 
C r ,  bJ, T i ,  and Al. However, metallographic examinations of  
loop sur faces  showed r e l a t i v e l y  l i g h t  a t t a c k  f o r  a l l  a l l o y s  
except those containing combined addi t ions  of aluminum and 
t i t an ium o r  aluminum and chromium. 

A nickel-base a l l o y  containing 17% Mo, 7% C r ,  and 5'$ Fe, 
designated Has te l loy  N, was found t o  a f fo rd  t h e  best combina- 
t i o n  o f  s t r eng th  and corrosion r e s i s t ance  among t he  a l l o y  
compositions t e s t e d .  

INTRODUCTION 

Molten f luo r ides  of uranium, thorium, o r  plutonium, i n  combination 

with o the r  f luo r ide  compounds, have wide a p p l i c a b i l i t y  a s  f u e l s  for t h e  

production of  nuclear  p0wer.l 

mixtures can be contained at l o w  pressures  even a t  extremely high 

operat ing %ernperatures. Thei I' chemical and physical  p rope r t i e s  impart addi- 

t i o n a l  advantages such as exce l l en t  s t a b i l i t y  under i r r a d i a t i o n  and large 

Because of t h e i r  high bo i l ing  po jn t s ,  these 

'R. C .  Brianl; and A. 14. Weinberg, "Mol-ten Fluorides  a s  Power Reactor 
Fuels," N u c l .  Sc i .  Eng. - 2,  797-803 (1957). - 



so lubi l i t ,y  ranges f o r  'oo-Lh uranj-um and thorium. m e s e  f a c t o r s  have 

pi-ompted design s tud ie s  of  rriolten €fl.uoride f u e l  systems in con junct ion 

with thorium-uranium thermal breedeys, uraniwm-plut,onium converters ,  and 

urani.mm burners.  

The development o f  reactors  which incorporate  a c i r c l i l a t ing  fluoride 

sal t ,  i s  predicated on the  avai labi l i -Ly of  a construct ion ma te r i a l  whicil 

w i l l  contain the  sa l t  ovei- long time periods and al.so a f fo rd  use fu l  

s t r u c t u r a l  p rope r t i e s .  The conta^in.er ma te r i a l  must also be r e s i s t a n t  t o  

a i r  oxidati-on, he 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 metallurgical. ly s t ab le  over a wide temperature range. 

I n  order  t o  provide a mater ia l  f o r  i n i t i a l .  r eac to r  s tud ie s ,  s eve ra l  

c omnie 1- c ia 1. I. y ava i lab l e  high - t e mpe r a t  UT e a l l o y  s y s t e ms we r e  e va lu a t  e d w i  t 11 

respec t  t o  the  above requj-rements. 

a nickel-base a l l o y  containing 15 w t  $ C r  and 7 wt $ Fe, was fomd  t o  

a f ford  t h e  b e s t  combination of  des i red  p rope r t i e  ;; and was u t i l i z e d  f o r  

t h e  cons t ruc t ion  of t h e  Ai rc ra f t  Reactor Experiment. Extensive corro-  

s ion t e s t s ,  3,4 as we1.1. a s  p o s t t e s t  examinations o f  the  L4BE, 

t he  s u i t a b i l i t y  of Inconel  a s  a container  ma te r i a l  for r e l a t i v e l y  shor t -  

term f luo r ide  sa l t  exposures. Corrosion r a t e s  encountered with - th i s  

a l l o y  a t  temperatures above 700°C, however, were excessive f o r  long-term 

use with most f l u o r i d e  f u e l  systems. 

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

A s  a r e s u l t  of these  s tud les ,  Inconel., 

confirmed 

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

conta iner  ma te r i a l  f o r  f l uo r ide  f u e l  r eac to r  systems. The reference 

a l l o y  system was composed of n i cke l  wri.th a primary strengthening addi t ion  

of 15-20$ Mo. "h i s  composition afforded except ional  r e s i s t ance  t o  f l u o -  

r i d e  a t t a c k  but  lacked s u f f i c i e n t  mechanical s t r eng th  and oxidat ion 

2W. D. Manly e t  a l .  A i rc ra f t  Reactor Eqer iment  - Metal lurg ica l  

3G.  M. Adamson, R.  S. Crouse, and $1. D. Manly, In te r im Report on 

Aspects, OKNL-234971%7j. 

Corrosion by  Alkali-Metal Fluorides:  Work t o  May 1, 1953, ORNL-2337 
71959). 

'G. M. Adamson, R. S. Crouse, and W. D. Manly, In te r im Report on 
Corrosion by Zirconium-Base Fluorides ,  ORii-2338 ( 1961). - 

5W. B. C o t t r e l l  e t  __.- al., Disassembly and Postoperative Examination 
of t h e  Ai rc ra f t  Reactor Eqer iment ,  OWL-1868 (1958) .  
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r e s i s t a n c e  a t  des i red  operat ing temperatures.  To augment these  l a t t e r  

p rope r t i e s ,  addi t ions  of var ious so l id-so lu t ion  a l loy ing  agents were 

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

composition was se lec ted  on the  b a s i s  of p a r a l l e l  i nves t iga t ions  of  t he  

mechanical and corrosion p rope r t i e s  which were imparted by  each of  these  

addi t ions .  The composition bes t  su i ted  t o  r eac to r  use was determined t o  

be within the range 15-17 w t  $ Mo, 6 4  w t  

0.04-0.08 w t  $ C y  balance Ni. 

nated Hastel loy N, have shown it t o  be extremely we l l  su i ted  f o r  app l i -  

ca t ions  demanding long-term compat ib i l i ty  with f luo r ide  s a l t s  i n  the  

temperature range 450400 "C. 

C r y  4-6 w t  $ Fe, 
Subsequent s tud ie s  of t h e  a l loy ,  desig-  

The present  research was concerned with t h e  corrosion e f f e c t s  

r e s u l t i n g  from add i t ions  of a l loy ing  elements t o  the nickel-molybdenum 

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

indica ted  by these  alloying e f f e c t s .  

WVIEW OF REMTED WORK 

Corrosion by Fluoride Mixtures 

C o r r o  s ion  Rear ti ons 

The corrosion of  ni  ckel-base alloys, containing j ron and chromi um, 

by fluoride fuel mixtures has bcelz foLtnd t o  r e s u l t  from a combination 

of the  following types of  oxidat ion reactions: 6 

1. Reactions7 involving impurities i n  t h e  s a l t  

'W. D. Manly -- et a l . ,  "Metal lurgical  Problem i n  Molten Fluoride 

7Solid-solut ion a l loy ing  elements axe underlined. 

Systems , I '  Progr.  N i l e l .  Energy, Scr. I V  - 2 ,  164 (1960). - 



2. Reactions involving impur i t ies  i n  o r  on t h e  metal ,  f o r  example 

2Ni0 + ZrF4 = ZrO2 + 2NiF2 (4  

followed by r eac t ion  ( 2 ) .  

3. Reactions i-nvolving cornponents i n  t h e  s a l t  

3UFA + I Cr = CrF3 + 3UF3 . (6) 

The ex ten t  of t h e  f i r s t  fou r  of .these react,-i.ms, whi.ch proceed s t rongly  

t o  the  r i g h t  and t o  completion rap id ly ,  can be reduced by mainta.ining low 

impurity concentrat ions i n  t he  s a l t  and on the  sur face  of t h e  metal. 

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

systems which der ive t h e i r  usefulness  through the  contai.nment of  UTA.  

While the r o l e  of chromium has been inves t iga t ed  ex tens ive ly  in connec- 

t i o n  with these  reac t ions ,  ‘ considerably less information i s  ava i l ab le  

regardtng t h e  thermodynamics of these  r eac t ions  f o r  t he  o the r  alloying 

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

Reduction of  UFr, by Chromium 

The r eac t ion  of  W4 with chromium i s  found t o  be s t rong ly  inf luenced 

by t h e  r eac t ion  medium employed.‘ I n  mel ts  composed p r i n c i p a l l y  o f  

NaF-ZrF4 or NaF-BeF2, t h e  r eac t ion  produces on ly  d iva len t  chromium, t h a t  i s ,  

However, in the case of NaF-KF-LiF-UF,!+ mixtures used f o r  t h i s  i nves t iga -  

tlion, t h e  r eac t ion  between chromium and UF4 produces both d iva len t  and 

‘5. D.  Redman, ANP Quart. Progr. Xept. Dee. 31, 1957, ORKL-2440, 
pp. 78-82. 
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t r i v a l e n t  chromium. 

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

ne t  r eac t ion  

A t  equi l ibr ium, approximately 80s of the  t o t a l  

The equi l ibr ium constant  f o r  t h i s  r eac t ion  i s  given by 

where CY r epresents  thermodynamic a c t i v i t y .  Because of' t he  r e l a t i v e l y  

small concentrat ions of CrFz and W3 which are a t t a ined  i n  t h e  sa l t  solu- 

t i o n s  a t  eguiljbriurn, t he  a c t i v i t i e s  of each of these conrponents can he 

c l o s e l y  approximated by their '  mole f r a c t i o n s ,  i n  accordance with Henry's 

law. T'nus, f o r  a salt system of f ixed  TJF4 concentrat ion,  assuming t h e  

re ference  s ta tes  for s a l t  components t o  be the  i n f i n i t e l y  d i l u t e  so lu t ion ,  

For a system i n i t i a l l y  containing no TF3 ,  CrF2, o r  CrF3, it follows t h a t  

NCrF 2 
concentrat ion i s  small, Eq. ( 9 )  reduces t o  

= V A N C r F 3  = 3./14Nm3. I n  such systems where the  change i n  TJF4 

where 

4/19  1 4 / 1 9  

14 j 
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The constant  % has been experimental ly  determined f o r  t h e  mixture 

LiY-W-NaF-UF~+ (11.2-J+1.045.3-2.5 mole $) b y  e q u i l i b r a t i n g  it with pure 

chromiiim (CY' 

t h e  constant  i s  equivalent  i n  value t o  t h e  mole f rac t io i i  of chromium ions 

i n  t h e  s a l t  at equi l ibr ium. The measure3 valiies of a r e  3 i s t e d  i n  

Table 1. 

= 1) a t  600 and 800°C ( r e f .  8 ) .  Uilrjer these condi t ions,  
C r  

5 

i, a l a b l e  1. Equi l ibr iux  Concentrations of  Chroiiiiwn P'luorides 
for the  Reactrion of  Fure Chromium with UF4 

Equi l ib ra t ion  
Temperature 

( "C) 

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

(11.2-41.0-45.3-2*5 mole %) 

ppm mole f r a c t i o n  (%i) 

600 

800 

a 
J. D.  Redman, ANP Quar-t. Progr. Kept, Dec. 31, 1957, 

ORTJL-2440,  pp. 7842. 

Eecause t h e  chromium-UT4 reac t ion  i s  temperature dependent, chemi- 

c a l  equi l ibr ium between these  two components i s  precl.uded i n  systems of 

uniform a l l o y  composition where the c i r c u l a t i n g  s a l t  con t inua l ly  exper i -  

ences a, temperature change. I n  such systems chromium tends  t o  be con- 

t i n u a l l y  removed from h o t t e r  por t ions  and deposi ted i n  cooler  por t ions .  

A t heo ry  r e l a t i n g  t h e  r a t e  of  t h i s  movement t u  t h e  opera t ing  parameters 

of t h e  conta iner  system has been formulated. by  Evans. 9 

Corrosion of Nickel-Molybdenum Alloys 

Because of  tile oxida t ion  of  chromium by fuel-bearin-g fl-uoride salts, 

a l l o y s  employing 1-arge percentages of t h i s  element were no-t s a t i s f a c t o r y  

9R. B. Evans, ANP Quart. Progr.  Rept. Dec. 31, 1957, ORNL-2440, 
I 

pp . 1-0&--113 a 
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as conta iner  materials except a t  temperatures where d i f fus ion  r a t e s  i n  

t h e  a l l o y s  were r e l a t i v e l y  low. Accordingly, evalinations were made of  

s eve ra l  commercial a l l o y s  i n  which chromium was not  employed as a major 

alloying add i t ion .  Based  on these  t e s t s ,  a l l o y s  of n i cke l  and molybdenum 

appeared t o  o f f e r  t he  most promising conta iner  system f o r  achieving rela- 

t i v e l y  high r e a c t o r  opera t ing  temperatures.  Unfortunately,  commercially 

available nickel-molybdenum alloys which exhib i ted  exce l l en t  cor ros ion  

p rope r t i e s  were not  well su i t ed  t o  contemplated r eac to r  systems because 

of t h r e e  adverse c h a r a c t e r i s t i c s :  

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

815°C (ref. lo); and ( 3 )  poor r e s i s t a n c e  t o  oxida t ion  b y  a i r  a t  e leva ted  

temperatures.  The scale formed on exposure of these  alloys t o  high- 

temperature a i r  was of  the type NiMoO4, which upon thermal  cyc l ing  

between 76c) and 350°C underwent a phase t ransformation and spalled as a 

consequence of a r e s u l t a n 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 l aus ib l e  t o  e l imina te  t h c  undesirable  f e a t u r e s  of t he  conmercial mater ia l s  

while r e t a i n i n g  t h e i r  inherent  cor ros ion  r e s i s t a n c e .  The i n i t i a l  objec- 

t , ive of  t h i s  program was t o  provide an alloy which did not  embr i t t l e  under 

t h e  thermal t rea tments  imposed by reackor operat ion.  By experimenting 

with var ious  compositions of b inary  nickel-molybdenum a l l o y s  , it was 

determined t h a t  lowering the molybdenum concentrat ion t o  a l e v e l  of 15-1'7$ 

served t o  avoid de t r imenta l  age-hardening e f f e c t s  i n  the  a l l o y  systern.l 

Although such a n  alloy system M ~ S  s a t i s f a c t o r y  from t h e  s tandpoint  of 

cor ros ion  r e s i s t ance ,  it w a s  n e c e s s a r y t o  augment t h e  oxida t ion  and 

s t r eng th  c h a r a c t e r i s t i c s  of the system through a d d i t i o n a l  so l id-so lu t ion  

alloying agents .  The cor ros ion  e f f e c t s  which r e su l t ed  from t hese  addi-  

t i o n s  were the  sub jec t s  of t h e  present  study. 

R. E .  Clausing, P. Pa t r i a r ca ,  and W. D.  Manly, 1. a 

of' Haste l loy  B, ORNL-232-A (195'7). 

H .  Inouye , p r i v a t e  cormmicat ion,  

l2 D. W .  S t o f f e l  and E .  E .  Stansbury, "A Metal1ographri.c and X-ray 
Study- of N i  Al loys of  20-30 Per Cent Mo," Report No. 1 undes- Subcontract 
N o .  582 imder  Contract  No. W-7405-eng-26, Knoxvtlle,,  Term., Dept. of' 
C h c m .  Eng. of' t h e  Univ. of Tenn. (195.5). 



MATERIALS A N D  PROCEDURES 

Test Materi.als 

The nickel-molybdenum a l l o y  compositions selec-Led for study were 

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

t r a c t  agreements, b y  B a t t e l l e  Memorial I n s t i t u t e  and Superior 'Tube 

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

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

using a p ro tec t ive  s l ag .  Each a l l o y  hea t ,  which ranged i n  weight from 

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

and w a s  subsequently drawn i n t o  1/2-i.n.-OD seamless tubing b y  t h e  

Su-perior Tube Company. The cold-drawn tubing was annealed a t  1120 "C. 

Table 2 l i s t s  the experimental  a l l o y  cornpositions used f o r  t h t s  cor ros ion  

study. 

Test  Equipment 

The method se lec ted  t o  eva lua te  t h e  cor ros ion  p rope r t i e s  of t hese  

a l l o y s  w a s  based on t h e  following cons idera t ions  : 

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

t i v e l y  small  q u a n t i t i e s  of  ma te r i a l ,  s ince  it was p r a c t i c a l  t o  pl-oduce 

on ly  small  hea t s  o f  t h e  many a l l o y s  des i red  f o r  study. 

2 .  Tubing was considered t o  be a h ighly  desrirable forni i.n which t o  

t e s t  the  mater ia l ,  s ince  production o f  t he  material i n  t h i s  form was 

carri-ed out as  an adjunct  t o  eva lua t ing  t h e  f a b r i c a b i l i t y  of each alloy. 

3. Previous dsmonstrations of  tile e f f e c t s  of .temperature grad ien t  

i n  the  salt and the  s a l t  flow rat,e on the  cor ros ion  behavlor of container  

materials i n  f l u o r i d e s  made it mandatory t h a t  cor ros ion  test,s be con- 

ducted under dynamic condi.tiol?s, t h a t  i.s, condi-tions which provided f o r  

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

The thermal convection loop, which had been used extensj.ve1.y f o r  

Inconel  corrosj.on s tud ie s  and had been developed i n t o  an extremely 

s t ra ight forward  and relri.ab1.e t e s t  device,  was judged t o  be t h e  best form 

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

s i s t s  of a closed loop of tubing, bent  t o  resemble the  ou t l ine  of a harp, 



Table 2 .  Ca;njnosi t i~ns of Experine-n"sa1 Alloys Used for  Corrosion S tud i e s  

1.56 
1.89 

4.12 
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two legs  of whi~ch a r e  heated and -two of  which a r e  exposed t o  -Lhe cooling 

e f f e c t s  of  ambient ai.r. Flow r e s u l t s  from the  d i f fe rence  i n  dens i ty  of 

t h e  s a l t  i n  t h e  hot and cold por t ions  of t h e  loop. 

The configurat ion and dimensions of t he  loop design are  presented 

i n  Fig.  1. A l l  loops were fabr ica ted  of seamless tubing having an out -  

s ide diameter of 0.500 i n .  and a wall th ickness  of 0.035 i n .  

was assembled by  the  Hel iarc  welding technique using an i n e r t  gas  

backing. 

T'ne tubing 

D u r i . n g  operat ion the  loops were heated by  a s e r i e s  of  clanshe11 

r e s i s t ance  heat ing elements located as  shown i n  Fig.  1. To f i l l  t he  

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

Auxilia-ry heat ing 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 . rec t ly  through the  tube wa1. le  When the loop wa,s f i l l e d ,  as 

determlned by  an e l e c - t r i c a l  short ing probe near -bile t o p  of t he  loop, the  

a u x i l i a r y  heat  source was turned o f f  and the  heat ing elements were turned 

on. In su la t ion  was then  removed from t h e  cold k g  t o  whatever amount 

was requ.ired -to e s t a b l i s h  a prdeterrfiined temperature g rad ien t .  

Loop temperatures were measwed with Chromel-P-Alumel thermocouples 

located as shown i n  Fig. 1. The thermocouple junct ions,  i n  the form of 

small beads, were welded t o  the  outs ide  tube w a l l  wi th  a condenser di.s- 

charge welder and covered by a l aye r  of quartz  tape ,  which i n  -turn was 

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 a s  

-io achie-ve a maximum mixed-mean s a l t  -ternperatme of 815°C and a rn i i i imum 

s a l t  temperature of 650 "C. The maximum sa l t -meta l  i n t e r f a c e  temperature, 

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

t h e  maximum bulk s a l t  temperature by approximately 95°C (ref. 13).  

sa l t - f low r a t e  under these  temperature conditi.ons was es tab l i shed  from 

hea t  bal.ance ca l cu la t ions  to be i.ii the range of 5 t o  7 f t /min.  

l'he 

13M~asurements of  the  maximum ins ide  wall  temperature could not 
p r a c t i c a l l y  be made i n  eac'n loop t e s t ;  however, valves of t h i s  tempera- 
ture were recorded by means o f  heat  balance ca l cu la t ions  arid imbedded 
thermocouples using a speci-ally instrumented t e s t  I.oop which exac t ly  simu- 
l a t ed  the  geornetry and temperature p r o f i l e  used i n  the  corrosi.on 
experiment. 
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Fig. 1. Schemztic Diagram of Thermal Convection Loop User1 TOY' 
Evaluat  ions oi' Experimental Nickel-Moiy'odenum All oys. The locations of 
th?rmocouplcs and t e s t  samples are shown. 
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S a l t  Preparat ion 

The fue l  mixture used i n  these  s tud ie s  was of  t he  composition shown 

i n  Table 3. We se lec ted  t h e  LLF-KF-N~F-WL~ composition ( S a l t  107) on 

t h e  basis t'nat t h e  oxida t ion  of conta iner  cons t i t uen t s  b y  a given con- 

cen t r a t ion  of  U T 4  tended t o  be g r e a t e r  f o r  t h i s  mixture than  f o r  o the r  

mixtures of  practica.1 importance I Thus, achievement of s a t i s f a c t o r y  

compatibj . l i ty with t h i s  mixture i n  e f f e c t  provided a conta iner  m a t e r i a l  

of  u l t imate  v e r s a t i l j t y  with respec t  t o  all. f u e l  mixtures. 

Tab1.e 3. Composition of  Fluoride Mixture 
Used t o  Evaluate Experimeri t a l  

N j. eke 1 -Mol.yb de num Alloys 

S a l t  Number: 1137 
Liqu idus  Temperature: 499°C 

Component Mo1.e $ We i ght $ 

NaF 

LiF 

K F  

uF4 

11.2 9.79 

45.3 24.4 

41.0 49.4 

2.5 16.3 

The f luo r ide  mixtures were prepared from reagent-grade materials 

and were pu r i f i ed  by the  Fluoride Processing Group of the Reactor Chemi-stry 

Div-i.sion. I n  general ,  t h e  procedure f o r  p u r i f i c a t i o n  was as follows: 

(1) t h e  dry ingredien ts ,  except f o r  U T 4 ,  were mixed, eva ,e~ated  several 

t imes for moisture removal, and then melt,ed under an atmosphere of  helium; 

(2) t he  molten mixture was held a t  815°C and 'created with hydrogen f o r  4 h r  

t o  purge hydrofli ioric ac id  from the  mi-xture; (3 )  the  mixture was cooled t o  

205°C under a helium atmosphere and UF4 was a d m i t t e d .  Upon t he  add i t ion  

of the  UF4, t he  mixture w a s  Temelted, heated to 815"C, and then t r e a t e d  

again with hydrogen t o  purge t h e  excess hydrofI.i.ioric ac id .  

All mixtures were prepared i.n 300-lb q u a n t i t i e s  and apportioned i n t o  

50-lb conta iners ,  a f t e r  which samples were submitted f o r  ana lys i s  of 

N i ,  Fe, and C r .  I t  was required t h a t  each of these  el.ements be present  
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i n  amounts l e s s  than  500 ppm a s  determined from ind iv idua l  batch analyses.  

A second be fo re - t e s t  ana lys i s  of each sa.lt mixture was obtained from a 

sample of t h e  s a l t  taken as it w a s  being admitted t o  the  t e s t  loop. 

Operating Procedures 

Each loop was thoroughly degreased w'sth acetone and checked f o r  

leaks  using a helium mass spectrometer. After  thermocouples and hea te r s  

were assembled and i n s u l a t i o n  was appl ied,  t h e  loop was placed i n  a t e s t  

stand, as shown i n  Fig.  2. 

The s a l t  charging pot w a s  connected t o  t h e  loop with n i cke l  o r  

Tnconel tubing,  and both t h e  loop and t h e  charging pot were heated t o  

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

then  appl ied t o  t h e  charging po t  i n  order  t o  force  t h e  s a l t  mixture from 

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

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

Helium pressure w a s  

t i e s  would be dissolved from t h e  conta iner  surface i n t o  t h e  s a l t  mixture. 

This mixture was then  removed, and a f r e s h  salt mixture was admitted 

from the  f luo r ide  charging pot .  

pressure (approx 5 p s i g )  w a s  maintained over t h e  s a l t  mixture during a l l  

per iods of t e s t i n g .  

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

A t  t h e  end of t e s t ,  power t o  the  loop w a s  cut  off  and i n s u l a t i o n  

was s t r ipped  from the  loop so a s  t o  f reeze  the  s a l t  mixture a s  r a p i d l y  

a s  poss ib le .  

Test Examination 

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

C-in. l engths .  Five 2-in.  sec t ions  were then removed from the  loop posi-  

t i o n s  ind ica ted  i n  Fig.  1 f o r  metallographic examination. Two of t he  

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

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

f o r  s a l t  chemistry s tud ie s ,  and the  remaining loop segments were held i n  

s torage u n t i l  a l l  examinations of t h e  loop were completed. 

S a l t  removal was accomplished by heat ing each sec t ion  i n  a small  

tube furnace at 600°C i n  helium. The s a l t  w a s  co l lec ted  i n  a graphi te  
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Fi,. 2. IAAwto$Aaph of Asseniblea TheraDB5. Convection Loops and Tesi 
Stands. 



c ruc ib l e  located below t h e  furnace windings. The f i v e  2- in .  sec t ions  of 

tubing were examined metal lographical ly ,  and the  s a l t  samples were sub- 

mit ted ind iv idua l ly  f o r  petrographic and chemical analyses.  If l a y e r s  

of cor ros ion  products were discovered on t h e  tube w a l l ,  samples of the  

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

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

FG3SUZTS ANI3 DISCUSSION 

Alloying e f f e c t s  were evaluated i n  terms of both t h e  corrosion 

products en ter ing  the  salt mixtures and t h e  metallographic appearance of 

t he  a l l o y  a f t e r  t e s t .  Results have been grouped i n  t h i s  sec t ion  

according t o  t h e  a l loy ing  element s tudied.  

Chromium 

Corrosion-Product Concentrations 

Ef fec t s  of  chromium addi t ions  were examined i n  six t e rna ry  a l l o y s  

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

t i o n s  described above. 'The compositions inves t iga ted  and t h e  a t tendant  

concentrat ions 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 r eac t ion  between 

chromium and f luo r ide  cons t i t uen t s ,  a s  ind ica ted  by t h e  chromium ion  con- 

cen t r a t ions ,  increased with t h e  amount of  chromium i n  the  a l loy .  'This 

increase i s  i l l u s t r a t e d  g raph ica l ly  i n  Fig. 3, where t h e  da ta  a r e  com- 

pared with da ta  for 1 n c 0 n e l ' ~  and f o r  pure chromium. '' 
t h a t  t he  chromium concentrat ions of t he  s a l t s  were l e s s  than those f o r  

Inconel loops operated under i d e n t i c a l  temperature condi t ions.  A ho r i -  

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

One loop of each of these  

It may be noted 

"(3. M. Adamson, R. S. Grouse, and W, D. Manly, In te r im Report on 
Corrosion by  Alkali-Metal F luor ides :  Work t o  May l, 10'53, O m - 2 3 3 ' 7  
(1959) * 

"J. D. Redman, ANP Quart. Progr. Rept. Dee. 31, 1957, ORNL-2440, 
pp. '1842. 



T a b b  4 .  Corrosion-Product Concentrations of Salts Tested w i t h  
Ni ckel-Molybdenum-Chromium AI loys 

Chromiiim Concentration i n  
S a l t  Samples" (mole $1 

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

Test 
Duration 

Alloy Composition 
Heat ( a t .  $1 

Number 

OR 37A-1 3.20 13.5 Mo, b a l  Ni 5 30 0.3194 0.0180 0.3213 

OR 30-1 3.41 1l.1 Mo, b a l  N i  5 00 0.3222 0.0363 0.3291 

OR 30-2 5.55 10.8 Mo, b a l  N i  5c3 0.0375 0.0352 0. C376 

011 30-2 5.55 10 .8  Mo, bal Ni 1000 3.0509 0.0509 0.05L~3 

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 1 3 . 4  Mo, b a l  Ni 500 0.0453 C. 0476 0.3425 

OR 30-4 11.04 10 .6  Mo, b a l  Ni. 500 0.0819 0.081d 0.0699 

a 
Sample des igna t ions  "H" arid "C" a r e  discussed on page 13; "other" 

de s ignate  s sa l t  samples obtained from metallographic specimens. 

equili.brium wi th  pure chromium a t  60OoC, i s  seen i n  Fig.  3 t o  be above 

t h e  measured chromium i o n  concentrations for a l l  a l l o y s  t e s t e d .  Thus, 

t h e  observed concent ra t ions  were less 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  t h e  co ldes t  po r t ion  of t h e  loops 

(approx 650 "C) . 
A s  discussed previously,  t he  concentration of cliromiu.m ions under 

t'ne condi t ions  of t hese  t e s t s  should be governed by the  r e l a t i o n  

rm. ( 1 1 ) l  

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

equi l ibr ium with an a l l o y  of given chromium a c t i v i t y ,  a 

t h a t  NCr g ives  an approximate measure of' 2 

concenGations f o r  t hese  a l l o y s  should l i e w i t h i n  a region which i s  

bounded above b y  t h e  func t ion  determined a t  a temperature equiva len t  t o  

t h e  maximum loop temperature and below by t h e  func t ion  determined a t  t h e  

minimum loop temperature. Bounds using e q e r i m e n t a l  va lues  of K2 

If we assume 

the  r e s u l t a n t  chromium ion 
C r  * 

C r  ' 
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measured a t  800 and 600 "C (Table 1) , which reasonably approximate t h e  

maximum and minimum loop temperatures, a r e  p l o t t e d  i n  Fig. 3 and a r e  

seen to include only two of  t h e  observed loop concent ra t ions ,  both corre- 

sponding t o  chromium compositions g r e a t e r  t han  7 a t .  $. 
f o r  t h e  alloy with  l e a s t  chromium content ,  a11 concent ra t ions  l i e  rel- 

atively close t o  t h e  lower bound and roughly approximate t h e  slope of" 

t h i s  bound. 

However, except 

The dev ia t ion  of measured corrosion-product concentrations i n  these 

t e s t s  from the predic ted  concent ra l ion  ranges mzy have r e su l t ed  p r imar i ly  

Prom inaccuracy in th .e  assumption that N equa3.s GI . However, assiming 

a t o  be accu ra t e ly  known, the cor ros ion-prodvct  concent ra t ions  in these 

t s t s  would never the less  have .been lower than 1;hose predicted, si-nce cor- 

ros ive  attack would n e c e s s a r i l y  reduce the chrorniiim content and hence the 

Cr - C Y  - 
Cr 
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chromium a c t i v i t y  a t  the surface of t h e  a l l o y s  re la t ive 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 h e  t e s t  tri.mes 

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

have completely a t t a i n e d  the maximum or s teady-s ta te  l e v e l .  To eva lua te  

t h i s  Latter poin t ,  s u f f i c i e n t  material of one of t h e  a l l o y  compositions, 

hea t  OR 30-2, w a s  obtained t o  permit t h e  opera t ion  o f  a 1000-hr t e s t .  

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

t h a t  on1.y a small. increase in chromium concentrat ion occurred between t h e  

500- and 1000-hr i n t e r v a l s .  It was concluded, t he re fo re ,  t h a t  t he  5OC-hr 

t e s t  provided a reasonably c lose  es t imate  o f  t he  l i m i t i n g  corrosion-  

product concentra-Lions assoc ia ted  with the temperature condi t ions of these  

experiments. 

Addit ional  da ta  on t h e  e f f e c t s  of chromium i n  nickel-mol-ybdenum a l l o y s  

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

t i o n  w i t h  one o r  more o ther  a l loy ing  elements, as shown i n  Table 5 .  No’i- 

withstanding t h e  add i t iona l  al.l.oyj.ng agents ,  t he  concentrat ions of 

chromium-containi.ng cor ros ion  products following T‘OO-’nr t e s t s  of these  

al.loys i n  S a l t  107, as shown i n  Table 5 ,  were comparable t o  the  concen- 

t r a t i o n s  assoc ia ted  with the simple t e rna ry  chromium-containing a l l o y s .  

The corrosion-product concentrat ions f o r  t h e  a l l o y s  with mclti.ple addi-t ions 

a r e  p lo t t ed  i n  Fig.  4 ,  and a r e  seen t o  show the same genera l  varia,t,i.on 

with chromium content  as t h e  t e rna ry  a l l o y s  ( s e e  Fig.  3 ) .  

Also  shown in Table 5 and Fig .  4. a r e  the rpesults of 1000-hr t e s t s  of 

four of the  a,l.loys containing mult iple  add i t ions ,  Af te r  all but  one of 

t hese  t e s t s ,  t he  chromium ion concentrat ions i n  the  sal.ts were s l i g h t l y  

higher than f o r  500-hr tes ts  of  the  same a l l o y s ;  i n  one t e s t ,  t h e  chromium 

ion  concentrat ion w a s  unaccountably lower. The chromium ion  concentra- 

t i o n s  of  t hese  multicomponent a l l o y s  again f e l l  near  those pred ic ted  on 

t h e  b a s i s  of equi l ibr ium da ta  for pure chromium a t  600°C and were con- 

s ide rab ly  less  than  t h e  concentrat ion needed t o  depos-it pure chromium a t  

eo0 “C. 

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

the  basis of corresponding corrosion-product concentrat ions t o  be lower 

than the  ac’iivj.ty o f  chromium i n  Inconel .  However, i t  i s  important t o  

note  i.n Figs .  3 or 4 t h a t  any a l l o y  i n  whizh t he  chromium acti-v~ity 



T a b l e  5. Corrosim-Product  Concentrat ions of S a l t s  Tested with Nlzkel-Molybdenum Alloys 
Containing ChromiLtm i n  Combination with Other A l loy l r~g  Elements 

Chromium Concentrat ion i n  
Alloy Composltion, a t .  $ Test  Salt Samples ,a mole $ 

DLirat ion Heat 
Number f .L-j  

Chromium Other Components I Sample H Sample C Other 

OR 29-16 

S T2.3311 

OR 30-33 

OR 33-22 

OR 30-22 

B3276 
B32 77 

B?2 77 

4.3c 

1.79 

5.90 

6.64 

6.64 

3.32 

9.47 

9.47 

2.54 Al, 1.96 T i ,  
b a l  Ni 

1.27 Al, 2.91 Nb, 
13.2 Mo: b a l  NI 

1 .59  A l ,  5.56 Fe, 
b a l  M i  

0.43 Fe, 0.39 Nb, 
10.05 Mo, bal  Ni 

0.43 Fe, 9.39 Nb, 
10. C5 140, h a 1  Ni 
1.48 fab, l4.G Mo, 
1.57 N b ,  3.36 Al, 

1.57 Ifi, 3.06 Al, 
b a l  Ni 

b a l  Mi 

10.2 Mo, 

1.72 w, 

9.66 Mo, 

2.61 A l ,  

2.61  A i ,  

b a l  Ni 

14.2 Mo, 

14.2 Mo, 

502 

5 00 

103C 

500 

1 3 C ) O  

500 

5 00 

103C 

0.0236 

0.0490 

0.0731 

0.0555 

G, 0402 

0. 2615 
0.3700 

0.0657 

0.0204 

0 .  C426 

0.0623 

0.0490 

0.0370 

0.0578 
0.0624 

0.0740 

a Samp-le des igna t ions  "€I" and "C" are discussed on page l3; "otlier" des igna tes  samples 
obtained from rnetallographic specimens. 
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0.08 0.40 0.2 0.4 0.6 0.8 4.0 
ATOM FRACTION OF CHROMIUM IN  ALLOY 

Fig. 4. 
o f  Chromium Contents i n  Nickel-Molybdenum Alloys Containing Multiple 
Alloy Additions.  

Concentration of Chromium Ions i n  S a l t  107 a s  a Func-Lion 

exceeded a value of 0.035 would support t he  formation of pure chromium 

a t  600°C i n  any case where t h e  concentrat ion of  CrF2 and CrF3 approached 

equi l ibr ium with the  a l l o y  a t  temperatures o f  800°C o r  above. 

unless  t he  a c t i v i t y  c o e f f i c i e n t s  f o r  chromium i n  these  a l l o y s  a r e  much 

smal-ler than  uni ty ,  the  p o s s i b i l i t y  f o r  t he  deposi t ion of  pure chromium 

i n  cold-leg regions cannot be completely excluded f o r  any of  t he  all.oys 

t e s t e d .  

Thus, 

I n  t h e  case of  ZrFL-  o r  BeF2-base sa l t  mixtures,  Yne temperature 

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

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

l6W. R. Grimes, ANP Quart. Progr. Rept. March 1.0, 1956, ORNL-2106, 
pp. 96-99. 
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a c t i v i t y  equiva len t  t o  or  l e s s  t han  t h a t  f o r  Inconel  cannot support 

chromium ion  concent ra t ions  a t  860°C which a r e  s u f f i c i e n t l y  high t o  main- 

t a i n  pure chromium a t  W 0 " C .  Consequently, mass t r a n s f e r  of chromium 

by depos i t ion  of pure chromium c r y s t a l s  i n  t h e  l a t te r  s a l t  mixtures 

should not be poss ib le  f o r  any of t h e  a l l o y s  l i s t e d  i n  Tables 4 and 5. 

Metallographic Resul t s  

Metallographic examinations of t he  t e r n a r y  a l l o y s  shown i n  Table 4 

showed l i t t l e  evidence of cor ros ive  a t t a c k  o the r  t han  shallow surface 

rowhening.  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  

nickel-chromium a l l o y s  under s imi l a r  t e s t  condi t ions ,  was not de tec ted  

i n  any of t hese  a l l o y s .  

f o r  t h e  a l l o y  containing 5.55 a t .  $ C r  ( h e a t  OR 30-2) a f t e r  5i)O- and 

lil00-hr t e s t s ,  r e spec t ive ly ,  a r e  compared i n  Fig. 5. Although the  depth 

of a t t a c k  was s i m i l a r  a t  both time i n t e r v a l s ,  t h e  i n t e n s i t y  of surface 

p i t t i n g  was somewhat g r e a t e r  a f t e r  t h e  1Of30-hr exposure. The i n t e n s i t y  

of surface roughening was a lso  found t o  increase  wi th  increas ing  chro- 

mium concent ra t ion .  This i s  seen i n  Fig. L which compares photomicro- 

graphs of two a l l o y s  containing d i f f e r e n t  chromium contents .  Cold-leg 

sec t ions  of t hese  loops showed no evidence of cor ros ion  and contained 

no v i s i b l e  depos i t s  of cor ros ion  products.  

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

The depths of a t t a c k  observed metallogra.phically f o r  a l l o y s  con- 

t a i n i n g  chromium i n  combination wi th  o the r  add i t ions  a r e  shown graphi -  

c a l l y  i n  Fig. 7. 

roughening a f t e r  500 hr and as a combination of surface p i t t i n g  and 

shallow void formation a f t e r  1 O O r l  h r .  

e r a l  h igher  t han  f o r  t h e  t e r n a r y  chromium-containing a l l o y s ,  p a r t i c u l a r l y  

i n  a l l o y s  which contained aluminum add i t ions .  

Attack i n  these  a l l o y s  was maniPested a s  surface 

Depths of cor ros ion  were i n  gen- 

'?L. S .  Richardson, D. C. V ~ . e ~ l . a r ? d ,  and X. D. Manly, Corrosion by 
Molten Fliiori d e s ,  ORNL-1491. (Sept. 1952). 
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Fig. 5. Appearance of Hot-Leg Wrface of Termmy Nickel-Molybdenum 
Alloy Contain 
Heat OR 30-2. ?a) After 500 h r  and (b) a f t e r  1000 hr. 

5.55 a t .  $ Cr Following Exposure t o  Salt 107. 



- htLr- 

Fig. 6. Hot-Leg Sections of Nickel-Molybdenum-Chromium Thermal 
Convection Loops Following 500-hr Exposure to  Salt 107. 
(a) 3.2 CI-13.5 Mo-bal Ni (a t .  $), (b) 11.0 Cr-10.6 Mo-bal Ni (a t .  $1. 
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Fig. 7. Depths o f  Corrosion Observed for Nickel-Molybdenum Al.loys 
w i t h  Multiple Al.1.oy Add-itions Following Exposure t o  S a l t  107. Bars 
designat ing corrosion depths appear d i r e c t l y  above the  a l l o y  compositions 
which they represent .  
negatj-vely sloped cross-hatching, t he  height  of p o s i t i v e l y  sloped cross-  
hatching tnd ica t e s  depth of corrosion a f t e r  500 h r  and combined he ight  of 
bot,’o types indica- tes  depth a f t e r  1000 h r . )  

(Where bars  have both p o s i t i v e l y  sloped and 

Aluminum 

Corrosion-Product Concentrations 

Table 6 l i s t s  t h e  concentrat ions o f  aluminum which were a n a l y t i c a l l y  

determined i n  f luo r ide  mixtures operaked f o r  500- and 1.000-hr per iods 

with nicke1.-molybdenum a l l o y s  containing s ing le  addi t ions  of  alixninim. 

I n  the  case of  a l l o y s  containing g r e a t e r  than  2 a t .  A l ,  t he  cor re-  

sponding aluminum concentrat ions i n  t h e  sa l t  mixture were r e l a t i - v e l y  

high, ‘that i s ,  i n  t he  range of 0 . 1 5 4 . 3 7  mole %. Only one a l l o y  corflposi- 

t i o n  was subjected t o  tests a t  both  500 and LO00 h r ;  however, r e s u l t s  

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 i r n i l a x  sa l t  concentrat ions were 
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Table 6. Corrosion-Product Concentrations of  S a l t s  T e s t e d  w i t h  
Niekel-Molybd~num-Alu-minum Alloys 

AlEminum Concentration i n  
S a l t  Samples" (mole %) T e s t  

Duration 

Alloy Composition 
Heat ( a t .  %> 

Nu-mbe r 
A1 Other Components (hr)  Sample H Sample C Other 

S T23012 1.22 11.4 Mo, bal I\Ji 500 0.000872 0. 000872 b 
OR 30-7 4.26 10.15 Mo, ba l  N i  500 0.220 0.07r; 0.137 
OR 30-7 4.26 10.15 Mo, b a l  Ni 1000 0.214 0.105 0.1'78 
OR 1491 4.85 6.99 Mo, bal  N i  1000 0.374 0.374 0.374 

Sample designat ions "H" and "C" are discussed on page 13; r ro ther r '  
a 

designates  samples obtained from metallographic specimens. 

bNot determined. 

r e a l i z e d  f o r  bo th  time interva, ls .  Ta,ble 7 l i s t s  t h e  concentrat ions of 

cor ros ion  products which formed i n  salt mixtures c i r c u l a t e d  i n  loops 

containing aluminum i n  combination wi th  o t h e r  alloying elements . 
concent ra t ions  were of  t h e  same gene ra l  magnitudes as those observed f o r  

t h e  t e r n a r y  Ni -Mo -A1 a l loys .  

The sc 

Tile corrosion-product concentrat ions showed no def inable  correspon- 

dence with the  aluminmm content  of t h e  a l l o y s .  EIoweTier, the propensi ty  

f o r  aluminum t o  reaet with i n t e r s t i t i a l  contaminants, such as ni t rogen,  

i n  these  alloys, m8kes t h e  a c t i v i t y  ofa1uminv.m i n  the a l loys -?cry depen- 

dent  on composition and mctall_urgical h i s t o r y .  For t h i s  reason poor 

correspondence between t h e  corrosion-product concent ra t ion  and t o t a l  

alu-minum concent ra t ion  i n  the a l l o y  would not  be unexpcctect . 
It i s  apparent from tests of' both  the ternary- and ~iuI.t-i.c:om~onent 

a l l o y s  t h a t  alumiiium add i t ions  less than  2 a t .  $ give r i s e  t o  very m11cl:t 

lower aluminum ion  concentrat ions than  a d d t t i o n s  abo-ve 2 a-L. $. 
observat ion may suggest t h a t  below a concent ra t ion  of  2 a t ,  % t he  bulk 

of t he  aluminum add i t ion  has formed highly sta-ble compounds wi-th 

i n t e r s t i t i a l  conLami.nants i n  t h e  a l loy .  

This 

Met a l l o a r m h i c  Re sult  s 

;lot -leg sur faces  of t e r n a r y  a l l o y s  containing aluminum i n  amounts 

g r e a t e r  than  2 a t .  % underwent r e l a t i v e l y  severe a t t a c k  by S a l t  107 i n  



Table 7. Corroslon-Prod-Act Concentrations of S a l t s  Tested w l t h  XicBel-Noly;?denum Alloys 
Containing Alumimn i n  Combination wTth Other Alloying Elements 

Alurninutc Concentration of Salt m ~ l o y  Composition, a t .  $ 
;es t  Samples," mole $ 

Aluninum Other Corrporients Sample H Sample C Other 

Hea-t 
fium-9 e r Du r at 1 on 

( tx ) 

S T23014 

S T23013 

1.30 

1.40 

10 .8  Mo, 2 .7  T i ,  ba l  Ni 

10.4 Mo, 3.2 Nb, 1,8 W, 

9.7 Mo, 5 .9  C r ,  5 .6  Fe, 

10.2 Mo, 4 . 3  C r ,  1 . 9  T i ,  

10.3 Mo, 6.6 C r ,  0.4 Fe, 
0.4 Nb, 2 . 6  W, bal  M: 

10.C Mo, 6 . 6  C r ,  C.4 Fe, 
2.4 Nb, 2 .6  W, b a l  N i  

14.2 Mo, 9 . 5  C r ,  1 . 6  Brb, 
3.1 W, b a l  Ni 

l 4 , 2  Mo, 9 .5  C r ,  1 . 6  Nb, 
3.1  W, b a l  M i  

10.4 Mo, 1 . 9  T i ,  b a l  M i  

13.4 Mo, 1 . 9  T i ,  . b a l  Ni 

b a l  Ni 

b a l  N i  

b a l  N i  

500 

500 

<0. 0009 

'3.163 

<0. 0009 

0.0606 

<@. 0009 

'b 

0.0660 0.0920 '3.124 OR 3G-33 1.59 loco 

0.358 0.326 0.334 OR 30-16 2.54 5 00 

0.244 530 3.382 0.570 OR 30-22 2.61 

C.249 0.259 OR 30-22 2.61 loco b 

0.502 0. 525 0.481 B3277 3.06 500 

B32 77 3. (36 1000 0.394 0.374 0.473 

OR 30-14 

OR 30-14 

5.51 

5.51 

500 

1000 

c. 394 

0.250 

0.434 

0.174 

0.499 

C. 0960 

a 
Sample designations "H" and "C" a r e  discussed on page 13 ; other" deslgnates  samples 

obtained from %etal lographic  specimens. 

'Not determined. 
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t h e  form o f  surface p i t t i n g  and subsurface void formation. Void formation 

was evident  t o  a depth of  0.002 in .  i n  500-hr tests of t hese  a l l o y s  and 

t o  0.003 i n .  i n  1000-hr t e s t s .  

containing 4.27 at. $ A 1  a f t e r  a 1000-hr t e s t  exposure. 

a l l o y  containing on ly  1.22 at. $ A 1  revealed neg l ig ib l e  a t t a c k  after a 

500-hr exposure t o  S a l t  107. 

Figure 8 shows the  appearance of an a l l o y  

However, an 

Alloys containing aluminum combined with o ther  a l loy ing  components 

also exhib i ted  both sur face  p i t t i n g  and subsurface void formation a f t e r  

exposure t o  S a l t  107. The depths of a t t a c k  f o r  these a l l o y s  are shown 

g raph ica l ly  i n  Fig. 7. Additions of up t o  2 at.  $ Al r e su l t ed  i n  only 

l i g h t  a t t a c k  except i n  a l l o y s  where chromium add i t ions  were a l s o  present .  

Alloys which contained over 2.5 a t .  $ Al i n  combination with chromium o r  

t i t an ium revealed pronounced a t t a c k  i n  the  form of  subsurface voids t o  

depths ranging from 0.002 t o  0.0045 i n .  Cold-leg sec t ions  of a l l  loops 

were unattacked and contained no inso luble  corrosion products.  

Fig. 8. ckel-Melmenum A 
OR 30-7. C ontet i n i n g  4.27 ure to Salt 107. 
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Titanium 

Corrosion-Product Concentrations 

Titanium-containing a.lloys which were inves t iga ted  are l i s t e d  i n  

Table 8, together with  a t tendant  t ita-niim corrosion-product concentra- 

t i o n s .  Except f o r  t h e  f i r s t  composition shown, which contained 

2.47 a t .  % T i ,  a l loy ing  agents  i n  additlion t o  t i t an ium were present  i n  

a l l  of' t h e  a l l o y s  evaluated.  

t e rnapy a l l o y  were s tudied a t  both 500- and 1000-hr time i n t e r v a l s .  

Analyses of  s a l t s  operated i n  loops of t h i s  a l l o y  revealed t i t an ium 

'The corros ion  p rope r t i e s  o f  t h e  s ing le  

Table 8. Corrosi on-Product Concentrations of  S a l t s  TesLed with 
Nickel-Molybdenum A1 1 oys Coniai ni ng Titanium 

Titanium Concentration i n  
Salt Samp1.e sa (mole 4) T e s t  

Ilurat ion  

A l l o y  Composition 
Heat ( a t .  4) 

Number 
T i  Other C ornponent s (hr) Sample H Sample C Other 

OR 30-8 

OR 3C-8 

at397 

OR 30-16 

OR 33-14 

OR 30-1.4 

OR 30-13 

S T23014 

R2898 

2.47 

2.4? 

1.68 

1.90 

1.92 

1.92 

2.02 

2.71 

3.24 

11 .6  Mo, bal. N i  

11 .6  Mo, b a l  Ni. 

1.3.8 Mo, 0.9 Nb, 

1C.2 Mo, 4.3 Cr, 
2.5 A l ,  b a l  Ni. 

b a l  N i  

ba l  N?: 

lO.'+ Mo, 5.5 AJ., 

10.4 Mo, 5.5 Al, 
b a l  N i  

11.3 Mo, 2.2 Al, 

10.8 Mo, 1.3 Al, 

13.2 Mo, 0.9 Nb, 

b a l  N i  

bal N i  

bal. N i  

500 

1000 

1000 

5 30 

500 

1000 

500 

5 00 

500 

0.0394 

0.0404 

0.3373 

0.0378 

C. 0449 

0.0373 

0.0389 

0. 0187 

0.0353 

0.0386 3.0380 

0.0495 0.0505 

0.0383 0.0283 

0.0348 0.050C 

0.0489 0.3378 

0.3530 0.0434 

0.0404 0.0484 

C. 0242 0.0187 

3.0252 b 

a 
Sample designat ion "H" and "C" are discusspd on page 13; "other" 

designatxs  samples obiained from metallographic specimens. 

bNot determined. 
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concentrations of 0,038-O.W mole $ a f t e r  500 hr and 0.04W.055 ~ l e  $I 
a f t e r  1000 hr. 
salts circulated i n  loope con&m.ctad af the other titanium-brsasing 

alloys, i n  which titanium contents ranged f’rom 1.68-3.24 at. Only - 
the t e s t  of the 2.71 at. $ alloy effected a titanium salt concentration 

s ignif icant ly  different  front the ternary alloy, the concentration i n  

the fonner t e s t  being unaccountably lmer than for  the other tests. 

These analyses car respcd  c l o s e l y t o  the analy-s of 

Metallographic Re su l t  s 

The ternary titanium-bearing a l loy  revealed only l i gh 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 this al loy a f t e r  the longer t e s t  interval.  

a t 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 a t .  $, 
depths of a t tack were i n  a l l  cases less than 0.003 in.  and generally 

The photomicrograph i n  Fig. 9 shows the appemance of a typ ica l  

Depths of 

Except where aluminum addi- 

I 



were l e s s  than  0.002 in .  

surface p i t t i n g  and shallow m i d  formation. No a t t a c k  was seen i n  t h e  

cold-leg sec t ions  of any of t h e  t i tanium-containing loops nor were cold- 

l e g  depos i t s  de tec ted .  

Attack i n  a l l  cases  .was manifested as gene ra l  

Vanadium 

Corrosion-Product Concentrations 

T,oops were operated wi th  two t e r n a r y  a l l o y s  containing vanadium 

add i t ions  of 2.73 a,nd 5 .11  a t .  %, r e spec t ive ly .  As shown i n  Table 9, 

t h e  vanadium concent ra t ion  de tec ted  i n  a s a l t  mixture t e s t e d  wi th  the  

former a l l o y  a f t e r  590-hr exposure was l e s s  than  0.005 mole %. 
s a l t s  operated wi th  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 0.019-0.020 mole $ V i n  a 1000-hr 

t e s t .  

However, 

Metallographic Results 

Metallographic examination of t he  a l l o y  wi th  2.73 a t .  $ V revealed 

very  l i g h t  a t t w k  i n  the  form of surface rowhening.  Hot-leg sur faces  

of t h e  a l l o y  with 5 .11  a t .  $ V exhib i ted  a t t a c k  i n  t h e  form of void 

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

t h e  1000-hr loop. A photomicrograph i l l u s t r a t i n g  a t t a c k  incurred by t h e  

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

I r o n  

Corrosion-Product Concentrations 

Only two loop t e s t s  were completed with a,lloys containing i r o n  as a 

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

and t h e  o the r  for 1000 h r ,  a r e  summarri.zed i n  Table 9. I n  t h e  500-hr 

loop, which contained 4.12 a t .  '$ Fe, a f t e r - t e s t  s a l t  sa-mples were ana.- 

lyzed. t o  conta in  0.013-0.015 mole % Fe. 

t a ined  5.56 a t .  $ Fe toge the r  wi th  aluminum and chromium. add i t ions ,  t h e  

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

wou1.d appear t h a t  cor ros ion  products formed by r e a c t i o n s  involvi-ng 

I n  t h e  1000-hr loop, which con- 



Table 9, Corrosion-Produ.ct Concentrat ions of  S a l t s  Tested with Nickel-Molybdenm 
Alloys Containing Vanadium and Iron 

C or r o s ion- Pr oduc t C oiic en t r a t i on 
Heat A l loy  Composition ( a t .  $) Test i n  Sa l t  Samples" (mole 8) Duration T!Jurnber 

V Fe NO C r  A1 M i  Sample H Sample C Other (hr) 

Vanadium Concentrat ion 

OR 30-1G 2.7'3 1c. 8 b a l  500 <o. 095 <a* oc5 <o. 005 
OR 30-20 5.11 10.8 
OR 39-20 5.11 10.8 

bal  500 0.0271+ 0.32'74 0.0261 

b a l  lCW 0. S19e c, 3194 b 

I r o n  Concentrat ion 

OR 30-11 4.12 10.8 S"l 5 '2 Ci c: ,0146, 0. 0134. (3. c152 

OR 30-33 5.56 9.7 5.9 1.6 ba l  1003 0 * 0051'7 0.00387 0 * i?i:51'7 

a Sample designation "H" and "C" aTe discussed on page 13: 'I other"  des igna ies  samples obtained 
from ae t a l log raph ic  specimens. 

b ~ ~ o t  determined. 
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Fig. 10. Attack a t  Hot-Leg Surface of Ternary Nickel-Molybdenum 
Alloy Containing 5.11 at .  5 V. 
Heat OR 30-20. 

Alloy was exposed t o  Salt 107 fo r  1000 hr. 

chromium and aluminum i n  t h i s  l a t t e r  t e s t  served t o  inh ib i t  the reaction 

with iron. 

Metallographic Results 

Metallographic examinations of specimens from the 500-hr loop showed 

no evidence of a t tack other than l i gh t  surface roughening. 

of the 1000-hr t e s t ,  as indicated i n  Fig. 7, showed corrosive attack t o  

a depth of 0.003 in.  i n  the form of small subsurface voids. 

Examinations 

Niobium 

Corrosion-Product Concentrations 

Loop t e s t s  of 500- and 1000-hr durations were carried out w i t h  t e r -  

nary alloys containing 2.20 and 3.62 at. $.Nb, respectively. 

i n  Table 10, the niobium concentrations i n  s a l t s  exposed t o  these alloys 

increased from a value near 0.015 mole $ i n  the 500-hr t e s t s  t o  values 

of from 0.022 t o  0.025 mole i n  the 1000-hr t e s t s .  Salts tes ted with 

As shown 
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Table 10. Corrosion-Product Concentrations of' Salts Tested 
wi th  ?TI c ke 1 - Molybde n u n - N  i o b ium Alloys 

a l l o y s  which contained niobium combined w i t h  o the r  add i t ions  showed very  

much lower niobium concent ra t ions  th sn  d i d  t he  simple t e r n a r y  a l l o y s .  

As seen i n  Table 11, concent ra t ions  i n  t h e  mul t ip le -addi t ion  t e s t s  were 

l e s s  than  0.002 mole $ for niobium contents  as high a s  3.62 a t .  8. 
it appears t ha t  cor ros ion  products formed by  rea-ctions with o the r  com- 

ponents i n  t h e s e  alloys, namely t i t an ium,  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 e a c t i o n  of t h e  sal t  with n i o b i w .  

Thus, 

Metallographic Resul t s  

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

i n  metal lographic  examinations of XU-hr t e s t s ;  however., t h e  presence of 

ve ry  small subsurface voids  t o  depths of approximately 0.001 in. was 

de tec ted  i n  examinations of t h e  L O U O - h r  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 t a g e t h e r  with 

o t h e r  add i t ions  a r e  swnnia.rized i n  Fig. '/. Except where aluminum and 

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

0.002 in .  i n  depth. 
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Table 11. Corrosion-Product Concentrations o f  S a l t s  Tested w i t h  
Ni-ckel-Molybdenum Alloys Contai ning Niobium i n  Combination 

with Oiher Alloying Elements 

Alloy Composition Niobium Concentration i n  

Nb Other Components (h r )  Sample H Samplk C Other 

Test  
Duration 

Sa1.i; Samples" (mo1.o $,) Heat ( a t .  $1 
Number 

OR 30-22 

OR 30-22 

a898 

B2 897 

B3276 

B3277 

B327'7 

S 'i'23013 

3.39 

0.39 

3.90 

3.92 

1.48 

1.57  

1.57 

3.23 

10 .0  Mo, 6.6 C r ,  
2.6 AI., b a l  Ni 

10.0 Mo, 6.6 C r ,  
2.6 A l ,  b a l  Ni 

13.2 Mo, 3.24 T i ,  
b a l  N i  

13.8 Mo, 1.7 T i ,  

14.@ Mo, 9.3 C r ,  

14.2 Mo, 9.5 C r ,  
3.1 Al, b a l  Ni 

14.2 Mo, 9.5 C r ,  
3.1 A l ,  b a l  Ni 

1 0 . 4  Mo, 1.4 Al, 
1. 8 TW, b a l  N i  

ba l  N i  

b a l  N i  

500 0.00129 0.00181 

1000 0.00052 0.00104 

500 <0.0005 <0.0005 

1000 0.00104 0.00052 

500 0.00078 0.00052 

500 <3.0005 <0.0005 

1.000 0.002 59 0.00181. 

500 <@.0@05 <0.0005 

0.00207 

0.00052 

b 

0.00129 

0.00078 

<@. 0005 

0.00104 

<0. 0005 

a 
Sample designat ions "H" and "C" a r e  disciissed on page 13 ; "other" 

designates  samples obtained from metallographic snecimens. 

'Not determined. 

Tungsten 

Corrosion-Product Concentrations 

Single alloying addi t ions  of  tungs ten  t o  t h e  nickel-molybdenum sys- 

tern were evaluated a t  l e v e l s  of C.72 and l + < L r  a t .  $, respec t ive ly .  Loop 

tests of both  a l l o y s  were conducted f o r  500 hr ,  a t  which t ime tungsten 

concentrat ions i n  t h e  sa l t  mixtures had reached l e v e l s  of 0.029 t o  

0.032 mole $. 
add i t ion  t o  chromium, niobium, o r  aluminum, the concentrat ion o f  tungsten 

de tec ted  i n  s a l t  samples w a s  below 0.010 mole $. 
a l l o y s  and t h e i r  a t tendant  sal t  corrosion-product concentrat ions a r e  

show- i n  'Table 12. 

In 500-hr t e s t s  of two a l l o y s  which contained tungs ten  i n  

Compositions of these  
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Metallographic Results 

Metallographic examination of loops constructed of nickel-molybdenum- 

tungsten al loys revealed only s l igh t  surface p i t t ing ,  as i l l u s t r a t ed  i n  

Fig. 12. The addition of aluminum together with tungsten led t o  heavy 

surface p i t t ing ,  while the addition of aluminum, chromium, and niobium 

produced subsurface voids t o  a depkh of 0.0025 in. ,  as shown i n  Fig. 7. 

FEg. 12. E&- Containing 
1.4 at. 8 w after 30-19. 



f o r  which 

should be direct ly  related to the activity of the fluoride compounds, 

M F involving that 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 t hese  comporads i s  provided 

by a cons idera t ion  of t h e i r  s tandard f r e e  energ ies  of f o r r a t i o n ,  8s 

derived from t,he reaction 

xM f Fz(g)  = M F 2 X Y  

where 

I n  Ta-ble  13 a r e  l i s t e d  the  standard f r e e  energ ies  of  formation, pel- gram- 

atom o f  f luo r ine ,  of f luo r ide  compounds a t  800 and 600°C assoc ia ted  with 

each of t he  a l loy ing  elements inves t iga ted .  Values a r e  given f o r  t he  

most s t a b l e  compounds ( t h a t  i s ,  those with most negative f r e e  ene rg ie s )  

reported” f o r  t hese  elements,  and are l i s t e d  i n  order  ol“ decreasing 

s t a b i l i t i e s .  The r e s u l t a n t  order  suggests  that, ror ros ion-product  

concentrat ions associat ,ed with each element st, a given act?’.vitji- shoiuld 

have increased i n  the followimg order:  W, Nb, Ye, C r ,  V ,  T i ,  and Al. 

In Fi.g. 13, t h e  genera l  ranges of corrosion-product concentra-Lions 

a:: tually observed f o r  t hese  components, when present  as si-ngle al-loying 

add i t ions ,  are p lo t t ed  as  a func t ion  of alloy conteri-t. It i s  seen ‘Lhai, 

A .  G lasSr i c? r ,  The !I’ht?rmodparnic P rope r t i e s  of  the Oxides, Fluorides ,  3.8 

and Chlorides  t o  25C0°K, RNL-5750. 



Table 13. Rela-Live Thermodynamic S t a b i l i t i e s  o f  Fluoride 

Additions (Data Compiled by Glassnei-)" 
Compounds Formed by Elements Employed a s  Alloying 

AG OC. i 00 0 c 800 " C  
Most S tab le  

Element Fluoride 
Compound 

A1 A l F 3  -67 -32 

Ti Ti F3 -E5 -9c 

v v F 2  -80 -84 

C r  CrF2 -72 -77 

Fe FeF2 -66 -66 

Nb NbF 5 -5 8 -6 0 

W TdF 5 4 6 -4 8 

a 
A. Glassner,  The Thermodynamic P rope r t i e s  of t he  

Oxides, Fluorides ,  and Chlorides t o  2500°K, ANL-5750. 

with t h e  exception of niobium and tungsten, t he  concentrat;ons per  atomic 

per  cent  of add i t ion  do increase  i n  the  exac i  order  pred ic ted .  Only 

iungster i  no t iceably  devia tes  frorn t h i s  predicted behavior;  t he  causes 

f o r  t h i s  devia t ion  have not  been es tab l i shed ,  although the  number o f  

t e s t s  completed on al-loys with tungsieii a d d i t j  ons were qui te  l i m i t e d .  

General Discussion o f  Alloying Ef fec t s  

The corrosion-product concentrat ions assoc ia ted  with e i t h e r  i ron ,  

niobium, o r  tungs ten  a l loy ing  add i t ions  were much lower when these  e l e -  

ments ex i s t ed  i n  multicomponent a l l o y s  than  i n  simple t e r n a r y  a l loys .  

The reason f o r  t h i s  behavior i s  undoubtedly assoc ia ted  wi th  the  presence 

of  the more r e a c t i v e  a l loy ing  addi t ions  i n  t h e  multiconiponent a l loys .  

Consider, f o r  example, a system containing comparable additlions of 

chromium and i r o n ,  f o r  which t h e  cor ros ion  r eac t ions  a r e  



39 

50C 

4 0 C  

30C 

200 

- 
0 

0 

s-” 
X 

(u - 
E 

2 90 

- 
+ 100 
-I 

Z 80 

w 70 

c 60 

n 

0 
a 

0 

t- 
0 

W 

50 

t- 

t- z 
W 
0 z 

40 

30 

2 0  

10 

------7-- 
li 

ORNL - LR- DWG 46943 

4 5 6 7 8 9 1  2 3 
A L L O Y  CONTENT (at. %) 

2 

Pig. 13. Comparison oP Corrosion-prorluci Coriccntrations Formed in 
Salt 107 by Various alloy in^^ Additions as a Fdnct ion  of Alloy Conti.nt. 



40 

Since @G i s  considerably more negative than  & t h e  equi l ibr ium UF3 

concent ra t ion  produced by t h e  f i r s t  r eac t ion  i s  higher than  t h a t  which 

would be produced by t h e  second r eac t ion .  Accordling t o  the  l a w  of mass 

act,ion, t he re fo re ,  t h e  FeF2 concent ra t ion  a t  equi l ibr ium should be 

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

only. 

I Is:’ 

While t h i s  means of corrosion h h i b i t i o n  was effecti-ve f o r  those 

a l loy ing  components l e s s  r e a c t i v e  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 l o y s  con- 

t a i n i n g  both aluminum and chromium a s  i n  the  case of a l l o y s  containing 

chromium alone. S imi la r ly ,  t h e  presence of a.hminum did  not no t i ceab ly  

reduce t h e  t i tanium-corrosion products assoc ia ted  with t i tanium-containing 

a l l o y s .  For most of  t h e  multicomponent a l l o y s ,  t he  amount of  chromium and 

t i t an ium,  on an atomic percent b a s i s ,  exceeded t h a t  of  aluminum; conse- 

quent ly  t h e i r  a c t i v i t i e s  could have approached the 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  t hese  t e s t s  suggest a l e v e l  o f  UF3 higher than  would 

have been produced by e i t h e r  chromj.um or t i t an ium alone, so t h a t  some 

i n h i b i t i v e  a c t i o n  would be pred ic ted .  The f a c t  t h a t  none occurred may 

suggest t h a t  t he  measured aluminum concentrat  ions were somewhat higher 

t han  a c t u a l l y  ex i s t ed .  

SUMMARY ANE COITCLUSIONS 

The cor ros ion  p rope r t i e s  of so l id - so lu t ion  alloying elements i n  the  

Ni-17$ Mo system were inves t iga ted  i.n molten mixtures of NaF-LiF-ICF-UFh 

( 11.2-4~043.3-2.5 mole 4). 
a,dditions was found t o  increase  i n  the  following o rde r :  Fe, Nb, V, C r ,  

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

The cor ros ion  s u s c e p t i b i l i t y  of  a l loy ing  

”Considerable d i f f i c u l t y  was i n  f a c t  eneouniered i n  analyses of 
t h i s  element by wet chemical methods. 
samples were consequently xade using s2miquantitative s p c t r o g r a p h i c  
techniques. 
by a factor of approximately 2/3 ihan t h e  values t h a i  were reported i n  
Tables 6 a n d  7. 

Analyses of a l imi ted  nurn’ner o f  

Concentrati o m  obtained by ihe l a t i e r  techniqlje were lower 
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these  elements to corros ion  increased i n  approximately t h e  same order a s  

the s t a b i l i t i e s  of f l u o r i d e  compounds o f  the elements, 

The corrosion-product concent ra t ions  produced by e i t h e r  i ron ,  nio- 

bium o r  tungs ten  a l loy ing  add i t ions  i n  t h e  above salt  mixture were much 

lower when these  elements ex i s t ed  i n  combination wi th  chromiun, t i tanium, 

or aluminum than  when t h e y  e x i s t e d  as s ing le  a l loy ing  add i t ions .  I n  con- 

t ras t ,  corrosion-product concent ra t ions  assoc ia ted  with chromium, t i t a -  

nium, o r  aluminum were unchanged by t h e  presence of o the r  alloying 

c o n s t i t u e n t s  . 
The metallographic examinations of a l l  a l l o y s  inves t iga t ed  under 

t h i s  program showed cons iderably  less corros ion  than  Inconel under equiv- 

a l e n t  conditions.  Surface r o u g h e n i q  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. P l loys  con- 

t a i n i n g  more than  one a l loy ing  add i t ion  i n v a r i a b l y  were a t tacked  t o  

depths g r e a t e r  t han  a l l o y s  containing each of  t h e  add i t ions  ind iv idua l ly .  

The g r e a t e s t  depths of a t t a c k ,  winich ranged from 0.003 t o  0.0045 in .  i n  

1000-hr exposures, were incur red  i n  a l l o y s  which contained combined addi -  

t i o n s  of  aluminum and chromium or aluminum and t i t an ium.  

e i t h e r  aluminum o r  t i t a n i u m  i n  no case exhib i ted  a t t a c k  t o  depths o f  

more than  0.002 in .  and g e n e r a l l y  showed a t t a c k  i n  t h e  ra.nge from 

0.001 to 0.002 i n .  

Alloys without 

I n  t h e  case of t he  ma jo r i ty  of  a l l o y s  t e s t e d ,  t he  depth of a t t a c k  

increased st a g r e a t e r  r a t e  between 0 and 500 h r  than  between 500 and 

1000 hr. This f ind ing  i s  i n  agreement w i t h  t he  concent ra t ions  of cor ro-  

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

ods of' 500 and 1000 hr .  Both r e s u l t s  suggest that n e a r l y  s t eady- s t a t e  

condi t ions  were e s t ab l i shed  wj th in  t h e  f i r s t  500 h r  of t e s t  operation. 

In view of t h e  g e n e r a l l y  favorable r e s u l t s  of  t hese  t e s t s ,  one has  

considerable freedom i n  the  choice of p o t e n t i a l  a l loy ing  components for 

nickel-molybdenum a l l o y s  f o r  molten salt  service.  Only t i t an ium and 

aluminum appear t o  a f fo rd  p o t e n t i a l  cor ros  i on problems, p a r t i c u l a r l y  i" 

used as combined add i t ions  or i n  combination wi th  chromium. 

choice of" an optimum a l l o y  composition for any g i i e n  app l i ca t ion  can be 

judged mainly on t h e  b a s i s  of s t r eng th  and f a b r i c a t i o n  requirement. 

Thus, t h e  
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