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THERMAL C O W E C T I O K  LOOP STUDY OF THE CORROSION - -. OF Fe-Ni-Cr 
ALLOYS BY MOLTEN NaN03-KN03* 

P. F. T o r t o r e l l i  and J. H. *Van 

ABSTRACT 

We studied the co r ros ion  of Fe-Ni-Cr a l l o y s  by draw s a l t  
(60 w t  % KaN03A0 w t  % n o , )  v i t h  thermal convection loops of 
a l l o y  600 and types 304L and 316 s t a i n l e s s  s t e e l .  %e main 
cor ros ion  processes a t  600°C and below were the growth of t h i n  
ox ide  sca l e s  and the d i s s o l u t i o n  of chromium by the  sa l t .  
S p a l l a t i o n  of oxide l a y e r s  occurred on type 304 s t a i n l e s s  s t e e l  
specimens a t  intermediate  temperatures. R e s u l t s  i nd ica t ed  r e l a -  
t i v e l y  low co r ros ion  r a t e s  (<I3 p / y e a r  i n  most ca ses )  f o r  tem- 
p e r a t u r e s  of 600°C and less. Corrosion of type 316 s t a i n l e s s  
s t e e l  was g r e a t l y  acce le ra t ed  when the maximum loop temperature 
was r a i sed  t o  620°C. It the re fo re  appears t h a t  600°C may be the  
l i m i t i n g  temperature f o r  use of t he  above a l l o y s  in draw s a l t .  

INTRODUCTION 

A mixture of 60 w t  % NaN03-40 w t  X KNO3 (draw s a l t )  has  been 

proposed1 €or use i n  so l a r  thermal power systems a s  both a s o l a r  r ece ive r  

working f l u i d  and a t h r r a a l  energy s to rage  medium. Draw s a l t  is a t t r a c -  

t i v e  f o r  such app l i ca t ions  because of i t s  high s e n s i b l e  h e a t  capac i ty ,  i t s  

low r e a c t i v i t y  i n  t h e  event of a leak t o  a i r  or steam, and  the  low 

ope ra t ing  pressures  required for i ts  u s e -  However, t he  f e a s i b i l i t y  of 

such a system depends p a r t l y  on the c o m p a t i b i l i t y  of the  salt  wi th  can- 
d i d a t e  s t r u c t u r a l  a l loys .  The sub jec t  experiments were t h e r e f o r e  per- 

formed in closed-loop systems t o  study the c o r r o s i o n  of a l l o y  800 and 

types  304 and 316 s t a i n l e s s  s t e e l  by slowly flowing NaN03-KN03 under an 

impressed temperature g rad ien t .  

[49 NaN03-44 Kh’03-7 %NO2 ( w t  %)] s a l t  revealed unacceptably h igh  co r ros ion  

r a t e s  of type 316 s t a i n l e s s  s t e e l  a t  550°C. 

d a t a  f o r  a pure n i t r a t e  s a l t  system. 

Previous work2 wi th  a n i t r a t e - n i t r i t e  

The study p r e s e n t s  comparable 

*Research perlormed under subcontract  with Sandia National 
Labora tory ,  Lirermore, C a l i f o r n i a ,  per  purchase agleement 92-8568, spon- 
sored by the U.S. Lkpartaent of Energy, Division of Energy S to rage  Systems. 
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The tests reported here are companion experiments t o  those conducted 

a t  Sandia Nat ional  L a b o r a t ~ r y . ~ ~  

t o  our  experiments i n  terms of l o o p  ma te r i a l s ,  specireens, and temperature 

condi t ions .  Tbwever, the Sandia experiments operated under a i r ,  whi le  

o u r s  were sea l ed ,  t h e  cover gas being composed of s a l t  decomposition 

products  . 

The Sandia experiments w e r e  matched 

EXPERIMEhTAL PROCEDURES 

The as-received draw s a l t ,  with a nominal corpos i t ion  of 60 w t  % 

NaN03-40 w t  X I;NO3* and a melt ing point  of 221"C, was outgassed i n  a 
c losed  type 304 s t a i n l e s s  steel  vessel  at 250 t o  300°C whi le  simul- 

taneously being purged by argon flowing above and through the  s a l t .  A 

s i g n i f i c a n t  amun t  of water vapor was removed i n  t h i s  way. Subsequently, 

t h i s  pot of s a l t  wa3 used t o  f i l l  t h ree  thermal convection loops (TCLs) of 

t h e  type shown schematical ly  i n  Fig. 1. Natural  c i r c u l a t i o n  of t he  s a l t  

was induced i n  these  closed loops by c o n t r o l l i n g  the  loop 's  temperature 

p r o f i l e  to  produce convect ive tlou. Each of t h e  th ree  loops was con- 

s t r u c t e d  of d i f f e r e n t  a l loys:  types 304L and 316 s t a i n l e s s  s tee l  and 

a l l o y  800 (Table 1). Tne loops were desigr,ed t o  permit t h e  i n s t r t i o n  and 

removal of cor ros ion  coupons and s a l t  samples with minimal d i s r u p t i o n  of 

t h e  salt flow. In t h i s  v a y ,  changes in sa l t  composition, specimen 

weight,  and micros t ruc ture  were monitored as funct ions of exposure t i m e .  

Tubing f o r  the loops ranged from 1.9 t o  2.5 c m  i n  ou t s ide  diameter and 

from 0.2 t o  0.3 cm i n  wal l  thickness .  

1.9 X 0.8 X 0.1 cm and uere i n  t h e  as-annealed condi t ion (unpolished).  

any  given loop, the  i n s e r t  specimens and tubing were of t h e  same nominal 

composi t ions,  although, i n  t h e  case  of t he  type  304L s t a i n l e s s  s t e e l  loop, 

specimens of bot': normal- and low-carbon grades were exposed. In  each 

TCL, t he  pressure  above the  s a l t  r ap id ly  increased t o  above 6.9 X lo4 Pa, 

gage (10 p s i g )  when t h e  temperature was i n i t i a l l y  r a i sed  above about 

I n s e r t  coupons were approximately 

In 

*Partherin 430, Park Chemical Co. 
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Fig. 1. Thermal convection loop used i n  NaN03-KN03 s tudiep .  %e "H" 
and "C" numbers denote specimen pos i t ions  i n  t h e  hot and cold l e g s ,  
r e spec t ive ly .  Coupons Hl and C1 a r e  loca ted  i n  the  cover gas and are not 
w e t  by the s a l t .  

520°C. 

Subsequently, care was taken  t o  graintain t h i s  gas composition ove r  the 

loop s a l t  by us ing  only oxygen as a cover gas durin.? specimen manipulation 

and s a l t  sampling. Lkring most of our s tudy  t h e  three  TCLs opera ted  with 

maximum temperatures and temperature d i f f e r e n t i a l s  A!Fs of about 603 and 

Analysis of t h e  evolved gas showed t h a t  i t  was p r i n c i p a l l y  oxygen. 
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Table 1. Nominal cornpositions of t e s t ed  a l l o y s  

Concentration (ut X )  

Fe N i  Cr Mn Mo Si A1 T i  C" 
A1 loy  

Alloy 800 45 32 21 1 0.2 0.5 0.5 0.10 

Type 304 68 10 1 9  2 1 
s t a i n l e s s  
s teelb 

0.08 

5 p e  316 67 11 17 2 2 1  0.08 
s t a i n l e s s  
steel  

nMaximum cf lncent ra t ions .  

1)Type 304L s t a i n l e s s  s t e e l  i s  of s imi l a r  composition except f o r  a 
maximum carbon concent ra t ion  of 0.03. 

225"C, respec t ive ly .  R e  AT was es tab l i shed  by f i r s t  s e t t i n g  t h e  minimum 

temperature at  the bottom of  the cold l eg  and then increas ing  the output  

of the  hea te r s  along the hot  leg  t o  achieve a maximum temperature of 600°C 

j u s t  below the bottom of the  hot-leg surge tank (Fig. 1). Typical  

temperature p r o f i l e s  f o r  each of the three  TCLs a r e  shown in Fig. 2. The 

nominal s a l t  ve loc i ty  was 4 m / s .  After 5300 h of coupon exposure,  the 

ATof the  type 316 s t a i n l e s s  s t e e l  TCL was changed to  150"C, and i t s  

maximum temperature w a s  maintained a t  600°C t o  assess any changes i n  

behavior due t o  mass t r a n s f e r  e f f e c t s  (see below). This temperature  pro- 

f i l e  is  also shown i n  Fig. 2., 

Before weighing, the  loop specimens were cleaned wi th  water a f t e r  each 

After 1500 and 4500 h of exposure,  c o r n e r s  were exposure t o  flowing salt .  

c l ipped from the  specimens i n  each loop fo r  meta l lographic  examination. 

Pe r iod ica l ly ,  samples of s a l t  from the r e spec t ive  loops  were taken  and 

analyzed f o r  Fe, N i ,  Cr, Mo, N02, and NO3. Tota l  chromium and chromium(V1) 

concent ra t ions  i n  the  s a l t  were measured spectrophotometr ical ly ,6  s 7  and 

n icke l  and molybdenum l e v e l s  were determined by the  atomic absorp t ion  

spec t roscop ic  g raph i t e  furnace technique. 

f o r  iron spec t rophotometr ica l ly  with the o-phenanthrolfne method.8 
n i t r a t e  concen t r a t ions  were determined by a modified DeVarda r n e t h ~ d ; ~  t h e  

n i t r i t e  l e v e l s  were measured voliimetricallp by t i t r a t i o n  with cerium(1V) 

( re f .  10). 

The s a l t  samples were analyzed 

The 
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Fig. 2. Typical temperature p r o f i l e s  f o r  the t h r e e  draw s a l t  thermal 
convection loops ;  AT, temperature d i f f e r e n t i a l .  

RESULTS 

As prev ious ly  discussed,  t h e  weights of t h e  loop specimens were 

Such da ta  are shwn  i n  Fig. 3 measured as a funct ion of exposure time. 

f o r  the specimens a t  the  two h o t t e s t  coupon p o s i t i o n s  (H3 and H4) i n  the 

a l l o y  800 TCL. 

found f o r  specimens i n  t h e s e  pos i t i ons  i n  t h e  type 304L s t a i n l e s s  s t e e l  

loop, which contained both types 304 and 304L s t a i n l e s s  s t e e l  a t  the 600°C 

(H3) p o s i t i o n  (Fig. 4). Equivalent ueight  change da ta  f o r  the type  316 

s t a i n l e s s  steel  loop a r e  shown i n  F i g .  5. As with  the other two loops,  

t he  weight changes of t h e  H3 (595°C) specimen were small. Bowever, t he  

weight of t h e  H4 (565°C) specimen s t e a d i l y  decreased during t he  i n i t i a l  

3000 h of exposure t o  the  sa l t ,  a f t e r  which it became approximately 

Very l i t t l e  weight change occurred. Similar behavior  was 
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Fig. 3. Weight change versus exposure time for alloy 800 exposed t o  
f lowing NaNO3-KNO;. 
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Pig .  4. Weight change versus exposure time for types 304 and 304L 
s t a i n l e s s  steel exposed to flowing NaN03-KN03. 
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Fig. 5 .  Weight change versus exposure time f o r  type 316 s t a i n l e s s  
steel  exposed t o  flowing &aN03-KN03. 

cons t an t .  Changing the A? of the type 316 s t a i n l e s s  s t e e l  loop from 225 

t o  15OoC a f t e r  5000 h of coupon exposure had l i t t l e  e f f ec t  on the weight 

changes,  but r a i s i n g  the  maximum loop temperature t o  620°C a f t e r  6000 h 

r e s u l t e d  i n  the onset of s i g n i f i c a n t  weight-loss r a t e s .  

As noted, the weight change d a t a  i n  Figs.  3 through 5 a r e  f o r  only 

two of the coupon p o s i t i o n s  i n  each of the TCLs. The data for  a l l  loop 

coupons are l i s t e d  i n  t h e  Appendix i n  Tables A.1  through A.3 ( t h e  l oca t ion  

of each specimen is shown i n  Fig. 1). With the exception of the  type 316 

s t a i n l e s s  s t e e l  H4 coupon, t h e  weight changes of a l l  the specimens i n  the 

a l l o y  809 and type 316 s t a i n l e s s  steel  loops were small. However, 

s i g n i f i c a n t  weight ga ins  were measured on c e r t a i n  coupons i n  t h e  type 304L 
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s t a i n l e s s  steel  TCL. 

coupons i n  t he  lower ha l f  of the hot  leg.  These weight changes are 

p l o t t e d  as a func t ion  of exposure t f r e  i n  Fig. 6. ?he decreases  i n  weight 

e t  longer times appeared to  be r e l a t e d  t o  spa l la t ion .  

The weight ga ins  were pa r t i cu la r ly  h igh  f o r  s eve ra l  

Metallographic specimms were obtained by c l ipp ing  co rne r s  from the  

loop  coupons a f t e r  1500 and 4500 h of exposure t o  Nat;03-KN03. 

cross sec t ions  of specimens exposed to  t h e  draw s a l t  a t  t h e  H 3  and H4 

p o s i t i o n s  i n  each of the  loops a re  shown i n  Figs.  7 through 9. Each a l l o y  

exh ib i t ed  mul t i layered  corrosion products  a t  t h e  higher temperatures.  In  

c e r t a i n  cases ,  but p a r t i c u l a r l y  i n  t h e  case of types 304 and 304L s t a i n l e s s  

s t ee l ,  e t ch ing  of t h e s e  metallographic specimens increased the  number of 

apparent  layer& t h a t  could be d i f f e r e n t i a t e d  on a given specimen. 

Examples of t h i s  can  be seen by comparing the mlcrographs in Pig. 10 with 

t h e  assoc ia ted  ones i n  Figs. 8 and 9.  Micrographs of specimens exposed a t  
o t h e r  loop pos i t i ons  are shown i n  Figs .  11 through 14 .  Those i n  Fig.  14 

a r e  of t h e  sur faces  of the coupons t h a t  cxhib i ted  the l a r g e r  weight ga ins  

Pol ished 

Pig. 6. Weight change versus exposure t i m e  €or type 304L s t a i n l e s s  
s t e e l  exposed t o  flowing b N 0 3 - K N 0 3 .  
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Y- 1 74794 Y-174797 

(a) 

, I  Y-178838 Y-178836 

(e) , 4opm , (f) 

I 

Fig. 9. Polished cross sections of types 304 and 304L stainless  

(e) Type 304 for  4500 h at 60OoC,. 
s t e e l  exposed to  flowing NaN03-Kt?03. 
(b) Type 304t for 1SOO h at  600'C. 

(a) Type 304 , for  1500 h at 600'C. 

. . -  -e*- - e - 1 -  * . e--.- _ -  
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Y-177223 

. Y-178952 

Y-179010 

Fig. 10. Cross sections of stainless steel exposed to flowing 
NaNO3-KNO3 for 4500 h at approximately 600%; etched with aqua regia. 

(e) Type 304L s ta in le s s  r tee l .  
= (a) Type  316 s t a i n l e s s  steel. (b) Type 304 stainless s t e e l .  

s 
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Y-177244 

Y-1 m 

, 4Opm , 

Fig. 12. Polished cross sections of type 316 stainless steel exposed 
to  flowing #aNOg-KNOj for 4500 h at (a) 505OC, (b) 41OoC, and (c) 375OC. 

t 
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. I  

Y-178812 

Y-178814 

Y-178816 

, 40ym , 
Fig. 14. Polished cross sections of type 304L s ta in less  steel  

exposed to flowing NaN03-Kl?o3 for 4500 h a t  (a) 54SoC, (b) 520°C, and 
(e) 49O0C- 
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reported i n  Fig.  6. Note tha t  the la rge  weight ga ins  a r e  a l s o  r e f l ec t ed  

i n  r e l a t i v e l y  thick r e a c t i o n  l aye r s  and t h a t  s p a l l a t i o n  of t h e  layers  

seems imminent. Tables A.4 through A.6 in t h e  Appendix l ist  the  t o t a l  

depth of t h e  corrosion products x f o r  each coupon a s  wasured  from the  

r e spec t ive  micrographs. 

High-resolution e l e c t r o n  microprobe ana lys i s  allowed determinat ion of 

the chemical composition of the r eac t ion  zone of type  316 s t a i n l e s s  s t e e l  

a f t e r  4500 h of exposure a t  595°C.  "tie r e s u l t s  ind ica ted  t h r e e  l aye r s  of 

d i f f e r e n t  compositions,  shown schematical ly  i n  Fig. 15. The e n t i r e  reac- 

t i o n  zone contained oxygen, and the  ind iv idua l  l a y e r s  comprising t h i s  zone 

d i f f e r e d  i n  t h e i r  r e l a t i v e  r a t i o  of i ron  to  chromfum. The outermost l aye r  

was depleted in chromium, but  the  underlying one was  not. F i n a l l y ,  a t h i n  

n icke l - r ich  l a y e r  vas observed a t  t he  co r ros ion  product z o n e a s e  metal 

i n t e r f ace .  

The sa l t  in each of t he  TCLs was p e r i o d i c a l l y  analyzed t o  determine 

t h e  ex ten t  and nature  of  cor ros ion  product spec ies ;  r e s u l t s  are shovn i n  

Table  2. (The sampling times i n  t he  t a h l e  represent  the number of hours 

t h e  s a l t  c i r c u l a t e d  in a p a r t i c u l a r  loop before  a n a l y s i s  and, as such, do 

no t  coincide wi th  the coupon exposure times used In r epor t ing  the  weight 

change and mic ros t ruc tu ra l  r e s u l t s  because of the  per iods in which the  

coupons were ou t  of t h e  respec t ive  loops.) The d a t a  in the  t a b l e  c l e a r l y  

show a genera l  increase  of chromium in the s a l t  wi th  inc reas ing  opera t ing  

time €n a l l  t h r e e  loops. 

ments of t h e  s t r u c t u r a l  a l l o y s  did not d i f f e r  apprec iab ly  from t h e i r  

l e v e l s  i n  t h e  as-rece€ved salt .  We are  unsure  of t h e  reason f o r  the occa- 

s i o n a l ,  unusual ly  high molybdenum concent ra t ion  i n  the  s a l t .  Most prob- 

ably the  measurements are erroneous because we observed a decrease  to  a 

"normal" concent ra t ion  in t h e  a l l o y  800 l o o p  at  a l a t e r  sampling time. Tn 

a l l  t he  loops,  t he  s a l t ' s  n i t r € t e  ccncent ra t ion  increased  r a p i d l y  t o  about 

1.9 w t  X but  then  increased  more slowly. 

The concent ra t ions  of t h e  o the r  p r i n c i p a l  ele- 

As descr ibed  in t h e  experimental  procedures s e c t i o n ,  t h e  pressure 

above the  loop s a l t  r a p i d l y  increased d e n  the temperature was raised 

above about 52OOC. 

These ana lyses  are given in Table 3. 

Analyzed samples of evolved gas  were mainly oxygen. 
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TRACE 

REACTION 
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Fig .  15. Resul ts  fron: electron microprobe analysis of type 315 
s t a i n l e s s  s t e e l  exposed to  NaNO+CNO3 for 4500 h at 595°C.  

Table 2. Sal t  composition 8s a function 
of loop operating time 

Concentration i n  salts 
LOOP 

mater 1 I 1 tlmt 
(h)  

(vt PPI (vt X) 
LOOP operatin(l 

crb ni ?e no 1*)* H03 

Alloy 800 

0 

2,403 
5,619 

10,104c 

1,894 
2,715 
4,249 
8,809 
9,672 
12,122 

1,126 
4,034 

7,419 

14,638c 
15,313C 

7,755 

5.355 

12,578C 

4 

130 
137 
156 
237 (218) 

163 
120 
200 
222 
246 
322 (310) 

63 
118 
128 
120 
163 
270 
283 (282) 

(10 

(10 
(10 
(10 

a0 
(10 
a0 
a0 
(10 

(10 
a0 
(10 
(10 
(10 

21 

1.6 
c1 

a 
Q 
2.3 
1.6 

Q 

14 
(1 
<I 
1.1 

a 

<2 

2 
27 
3 

<2 
<2 
3 
4 

<2 

<2 
29 

0.05 

1.7 
3.2 
3.3 

1.7 
2.0 
2.0 
3.9 
4.0 

1.9 
1.8 
1.9 
1.9 
4.3  

65.5 

68.1 
63.6 
64.1 

67.6 
66.6 
67.2 
63.2 
63.4 

64.3 
66.5 
68.5 
65.3 
62.7 

4kaeurtrrnt  uncertaintier are t 5 X .  

kmber.  in parenthere* repreaent coneeatration. of &(VI) i n  ral t .  

%axiu= loop telperature ?,, vaa about 621'C; a11 other 
measurement timer were fc- a S; of about 600.~. 
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Table 3. Analyses of gas i n i t i a l l y  
evolved from KaiaKO3-KS33 i n  closed 

thermal convection loops 

Concentration ( w t  Z) 

Type 3C4L loop  Type 316 loop 
Species -L_ 

A r  Q <0.1 4.4 
0.4 

(0.1 1.3 
eo2 
H20 
N2 + CO 0.7 3.6 
0 2  99.2 90.3 

aArgon was the o r i g i n a l  cover  gas. 

DISCUS S ION 

A s u b s t a n t i a l  amount of gaseous oxygen r a p i d l y  evolved when the draw 

sa l t  in t h e s e  closed loops was heated t o  above about 520°C.  This behavior 

is c o n s i s t e n t  with the decomposition reac t ion  

where X c a n  be sodium o r  potassium. 

earlier for t h i s  sa1t . l  A s  seen i n  Table  2, t h e  measured n i t r i t e  con- 

c e n t r a t i o n s  i n  t h e  s a l t  increased i n  accordance w-i th t h e  decomposition 

r e a c t i o n  and are i n  approximate agreement v i t h  those c a l c u l a t e d  with t h e  

e q u i l i b r i u m  constant  for Eq. (1) (ref. 11) and t h e  assumption t h a t  a mass 

balance was  maintained between nitrate and n i t r i t e .  

t i o n  r e a c t i o n s  were also occurring in t h e  system, as evidenced by the 

growth of oxide f i l a  and the buildup of chromium i n  t h e  sal t ,  i t  appears 

t h a t  t h e  above decomposition r e a c t i o n  cont ro ls  t h e  oxida t ion  p o t e n t i a l  of 

t h e  s y s t e m .  This is c o n s i s t e n t  with t h e  f a c t  t h a t  the oxida t ion  of the 

metal  is a small effect: r e l a t i v e  t o  the amount of s a l t  i n  t h e  loop and 

t h e r e f o r e  should not s i z n i f i c a n t l y  affect  salt chemistry.  

Such a r e a c t i o n  was reported 

Although metal oxida- 

As  a l r e a d y  d iscussed ,  metal  o x i d a t i o n  processes  were m n i f e s e e d  by 

t h e  formation of s u r f a c e  reac t ion  l a y e r s  ( f igs .  7-10) and i n  increased 
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l eve l s  of chromium i n  t h e  draw sa l t ,  and microprobe examination of 

exposed type  316 s t a i n l e s s  s teel  (Fig.  5 )  ind ica ted  t h a t  s i g n i f i c a n t  

d e p l e t i o n  of chromium from h o t t e r  loop surfgces  a l s o  occurred. 

ox ida t ion  and dep le t ion  reac t ions  are discussed i n  more d e t a i l  belw. 

Both the  

The weight cha: c e s  reported i n  Tables A.l through A.3 a r e  not  indica-  

t i v e  of t h e  t r u e  corrosJon ra tes .  The measured weight change hw is  

a c t u a l l y  the d i f f e rence  be tween  t h e  weight of the  reac ted  oxygen AWo and 

the  sum of t h e  weights of  t he  dissolved elements ( p r i n c i p a l l y  chromium) 

and of the spa l led  ma te r i a l  UrG: 

The weight of the  oxygen acquired by a specimen AVO can be roughly calcu-  

l a t ed  from the th ickness  of the ox ide  layer  x (see Tables  A . 4 4 . 6 ) :  

where t h e  dens i ty  of Fe30,,, pFe 

composite oxide layer .  

as the  weight of metal i n  both the  oxide scale and molten salt .  This 
weight “loss’ is  thus t h e  sum of t h e  weight of the dissolved elements AWD 

and the  weight of the r eac t ed  (oxidized)  i ron  and chromium AWM(*): 

, was used t o  approximate that of t h e  
3 4  

The t o t a l  weight of oxidized metal AWT i s  defined 

where 

When AWT i s  divided by the time of s a l t  exposure, an average approximate 

co r ros ion  ra te  f o r  the p a r t i c u l a r  speciaen is obtained.  

can be obta ined  by s u b s t i t u t i n g  i n  Eq. (4) values  of AWD and AWkt(o) 

obtained by use of Eqs. (2 )  and ( 5 ) ,  respec t ive ly ,  and appropr i a t e  

measurements of LCJ and 3: from Tables  A.1 through A.6. For our case ,  w e  

w i l l  assume hV, = 0 because observa t ion  of poss ib le  s p a l l a t i o n  a f t e r  4500 h 

of exposure was r e s t r i c t e d  to a very  few specimens i n  one loop (specimens 

R6 and H7 i n  the  type 304L s t a i n l e s s  s tee l  TCL). 

The va lues  of AW? 

With t h i s  assumption, 
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approximate values of t he  t o t a l  weight of ox id ized  metal of each loop 

specimen a r e  l i s t e d  i n  Tables A.7 through A.12. Measurements of tbe 

weights of descaled specimens a re  i n  proeress  t o  determine the  acclzracy of 

t h e  above approach. Corrosion weight changes and r a t e s  ob ta ined  in t h i s  

manner f o r  the a l l o y  800 and t y p e  316 s t a i n l e s s  s t e e l  loops (Table6 A.7- 

A . l O )  a r e  cons i s t en t  with the expectation t h a t  oxidat ion k i n e t i c s ,  i.id 

t h e r e f o r e  t o t a l  weight l o s s ,  should inc rease  ui t h  increasing temperature 

( t h i s  i s  not the case f o r  the uncorrected weight changes measured wfth 

t h e  oxide f i l m s  i n t a c t ) .  

specimens i n  the type  3342, s t a i n l e s s  s t e e l  loop a f t e r  4500 h of e x p s u r e  

d i d  not maximize a t  the highest loop temperature. I n  t h i s  case, relati- 

v e l y  l a r g e  corrosion r a t e s  resul ted a t  in t e rmed ia t e  temperatures (see 

Table A.12). The accelerate6 oxidat ion a t  these  intermediate  positions 

was cha rac t e r i zed  by t he  presence of r e l a t i v e l y  t h i c k  and apparent ly  

poor ly  adherent oxide f i lms (Fig. 1 4 ) .  However, t h e  a c t u a l  corrosion 

rates a t  these pos i t i ons  a r e  smewhat less than those ca l cu la t ed  because 

t h e  c a l c u l a t i o n s  assumed a 100% dense oxide  f i l m  of the same thickness  as 
t h a t  of the  observed porous film. 

I n  c o n t r a s t ,  t h e  weight l o s s e s  c a l c u l a t e d  f o r  

Regardless of possible  inaccuracies  i n  the  de te rmina t ions  of WT, 
t h e  weight change r e s u l t s  shown i n  Tables A.7 through A.12 i n d i c a t e  t h a t  

t h e  metal i n  the  oxide f i lm  c o n s t i t u t e s  most of the metal l o s s  and t h a t  

t h e  t o t a l  corrosion r a t e s  a r e  r e l a t i v e l y  small. 

ox ide  thicknesses  on the  a l loys  of t h i s  s tudy  are about an o r d e r  of magni- 

t u d e  less than those expected for annealed type 304 s t a i n l e s s  s t e e l  i n  

steam.l* 

v e r t e d  i n t o  corrosion r a t e s  in  the last  column of Tables A.8, h.10, and 

A.12 and ind ica t e  t h a t ,  while the "worst case" corresponds t o  25 pn'year 

(1 mil /year) ,  the  corrosion r a t e  is s u b s t a n t i a l l y  less i n  most cmes. 

one p o t e n t i a l  concern i n  these t e s t s  was the na tu re  of the oxide  films on 

type 304L s t a i n l e s s  steel  specimens a t  i n t e r m e d i a t e  temperatures,  &.ere 

s p a l l i n g  appeared imminent 

Although the exact nature of t h e  m t a l l o g r a p h i c a l l p  d i s t i n c t  scrface 

Figure 16 shows that the  

The t o t a l  weight losses a f t e r  4500 h i n  draw s a l t  have been con- 

The 

l a y e r s  on exposed specimens is not known, it appears  t h a t ,  i n  general ,  t h e  
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Fig. 16. Comparison of oxide thickness versus exposure t i m e  f o r  
exposures t o  NeNO3-KNO3 and steam. 

r e a c t i o n  zone a t  h ighe r  temperatures c o n s i s t s  of an i r o n  oxide (probably 

Fe3O4) with an underlying spine! layer  such as Fe(Fe,Cr)204. Th i s  would 

be cons i s t en t  with the  aicroprobe data  and agrees with the r e s u l t s  from a 
s tudy  of the cor ros ion  of type 304 s t a i n l e s s  s t e e l  by t h e m a l l y  convective 

draw s a l t  . 3  However, d e t a i l s  revoaled by o p t i c a l  metallography i n d i c a t e  a 

more complex r e a c t i o n  zone than t h a t  just described. For example, a dark- 

e t c h i n g  phase was sometfnes observed o p t i c a l l y  a t  the sa l t - a l loy  i n t e r f a c e  

[Pig. lO(a)], al though t h i s  phase was not revealed by microprobe a n a l y s i s .  

The o the r  t h r e e  l a y e r s  seen i n  Fig. 10(a) were d i s t i n c t  areas  i n  the 

microprobe a n a l y s i s  (Fig. 15). Another complicating f a c t o r  is t h e  multi-  

t ude  of l a y e r s  observed i n  the  r eac t ion  zones of types 304 and 304L 
s t a i n l e s s  steel when t h e i r  polished cross  sectfons are etched (Fig. 10). 

This v a r i e t y  of meta l lographica l ly  d i s t i n c t  structures was not observed 

i n  another study of type 304 s t a i n l e s s  steel,3 and the  reason why so 

many l a y e r s  should develop on these a l l o y s  and not on the o t h e r  materials 
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i n  i h i s  study i s  not obvious from compositional d i f f e rences .  F i n a l l y ,  t h e  

micrographs of the higher temperature a l l o y  803 coupons ind ica t ed  some 

tendency f o r  i n t e r n a l  oxidat ion a t  the r e a c t i o n  zone-base metal i n t e r f a c e  

[Fig.  7 ( a ) ] ,  al though longer term t e s t s  w i l l  be required t o  e s t a b l i s h  the 

s i g n i f i c a n c e  of t h i s  observation. 

The observed inc reases  i n  the chromium l e v e l s  of the test s a l t  i n  

each loop imply the  formation of one or more chromium-containing spec ie s  

t h a t  a r e  so lub le  i n  Nah'O3-KNO3. 

was i n  the +€ oxida t ion  s t a t e  (Table 2), Na2Cr2O1 and Na2Cr0,, a r e  probable 

s p e c i e s .  Changes i n  the chromium concentrat ion of the  draw s a l t  a s  a 

f u n c t i o n  of exposure rime can a l s o  yield information about the chromium 

d e p l e t i o n  process. Assuming t h a t ,  as discussed below, the re  is no deposi- 

t i o n  of chromium from the sa l t ,  t h e  inc rease  i n  t h e  chromium concen t r a t ions  

of t h e  salt  CC~(~) should subsc r ibe  t o  a half-pouer time dependence i f  

d i f f u s i o n  of chromium i n  the a l l o y  o r  i n  the  salt is r a t e  c o n t r o l l i n g .  A 

l i n e a r  time dependence would imply su r face  r e a c t i o n  ccn t ro l .  

on t h e  corrosion of type 304 stainless steel  i n  draw s a l t  revealed a time 

dependence of t o e 4  f o r  C C ~ ( ~ ) .  

gene ra l ly  i n d i c a t e  a continuing increase i n  chronium l e v e l s  of t he  s a l t  

wi th  time (Table 2) f o r  t he  durat ion of the experiments. 

concent ra t ion  of the  s a l t  i n  t he  type 316 s t a i n l e s s  s t e e l  TCL appeared t o  

approach a time-independent value a f t e r  s e v e r a l  thousand hours and then 

increased again when the maximum loop temperature w a s  increased. In  no 

case,  however, was the  time dependence of t he  chromium concen t r a t ions  I n  

t h e  s a l t  g r e a t e r  than too5 f o r  operat ion at  a maximum temperature of 

600'C; the b e s t - f i t  exponent was always between 0.1 and 0.5. This would 

t h u s  ind ica t e  that o d i f f u s i o n a l  process involving chromium is the  r a t e -  

c o n t r o l l i n g  s tep.  Accordingly, t h e  concentrat ions are p l o t t e d  versus  the 

square root of exposure t i m e  i n  Fig.  17. 

Because most of t he  chromiuin i n  the  s a l t  

Recent work3 

In agreement w i t h  o t h e r  work3n5 our data 

The chromium 

One possible  co r ros ion  e f f e c t  is t he  movement of su r face  a t * -  

test a l l o y s  from hot  t o  co ld  r eg ions  of the  loop via  convection * 

sal t  phase. This phenmenon of thermal g r a d i e n t  mass t r anspor t  

. 'le 
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Pig .  17. Chromium concen t r a t ion  i n  NaN03-KN03 versus t h e  square root 
of loop ope ra t ing  t i m e .  

observed i n  o t h e r  molten s a l t  systems (p r inc ipa l ly  hydroxides or f l u o r i d e s )  

sub jec t ed  t o  a thermal grad ien t .13  

ox ida t ion  and d i s s o l u t i o n  of r e a c t i v e  metals as co r ros ion  products  in t h e  

hot  zone wi th  subsequent reduction and deposition of the m e t a l s  in the 

cold zone. Our tests i n d i c a t e  t h a t  an oxidat ion r e a c t i o n  o p e r a t e s  t o  

d i s s o l v e  chromium i n  t h e  s a l t ;  however, the weight change d a t a  gave no 

evidence t h a t  t he  r e a c t i o n  leads t o  a net t r a n s p o r t  of chromium from h o t  

t o  co ld  regions.  

v i s u a l  or meta l lographic  examinations of cold-leg specimens. Furthermore , 
changes in the  &T of the  type 316 s t a i n l e s s  s teel  loop d id  not s i g n f f i -  

c a n t l y  a f f e c t  the measured weight changes (Fig.  5 ) .  Thus, our  r e s u l t s  are 

encouraging  in t h a t  thermal g rad ien t  mass t r a n s p o r t  w i l t  not be a s i g n i f i -  

cant o p e r a t i o n a l  problem i n  draw s a l t  systems up t o  600°C. 

The t r anspor t  mechanism can invo lve  

There was a l s o  no evidence of cold-leg d e p o s i t s  in  

This study i n d i c a t e s  two p r i n c i p a l  corrosion r e a c t i o n s  r e s u l t i n g  from 

exposure  of Fe-Xi-Cr a l l o y s  t o  NaaN03-KN03: t h e  s o l i d - s t a t e  o x i d a t i o n  of 

t h e  exposed a l l o y s  and the  s e l e c t i v e  d i s s o l u t i o n  of chromium from the 



25 

matrix.  

a l l o y s  exposed t o  NaN03-KN03 i n  Tns t h a t  w e r e  open t o  a i r .  

was not ex tens ive ,  and i n t e r g r a n u l a r  a t t a c k  vas  not observed. 

As such, ou r  results agree wi th  t h o s e  r epor t ed3*"  f o r  similar 

S p a l l a t i o n  

The r e s u l t s  of t h i s  study i n d i c a t e  t h a t  a l l o y  800 and types  304, 

304L, and 316 s t a i n l e s s  s t e e l  have low co r ros ion  r a t e s  i n  thermal ly  con- 

v e c t i v e  NaNO3-KNO3 a t  a rnarimum temperature of 600°C. 

d i t i o n s ,  t h e  g r e a t e s t  metal l o s s  r a t e  corresponded t o  25 p l y e a r ,  but i n  

most ca ses  the  rate was less t h e 3  1 3  p l y e a r .  These l a t te r  r a t e s  a r e  

sc?mewhPt smaller  than those reported f o r  s i m i l a r  loops operated with t h e  

s a l t  exposed t o  the  a t m ~ s p h e r e ~ , ~  but are wi th in  a f a c t o r  of 2 t o  5 .  

S i g n i f i c a n t  metal  ox ida t ion  w a s  observed o n l y  at  intermediate  temperatures 

i n  t h e  type 304L s t a i n l e s s  steel TCL a f t e r  5000 h of sal t  exposure (Fig. 6),  

but t h e  o v e r a l l  r a t e  d i d  not exceed 25 p d y e a r .  

temperature t o  620°C r e su l t ed  i n  uuch g r e a t e r  corrosion r a t e s  f o r  type 316 

s t a i n l e s s  steel  (Fig. 5). This rapid a c c e l e r a t i o n  of the co r ros ion  pro- 

cess w a s  a l s o  observed i n  o the r  s t u d i e s  of types 304 and 316 s t a i n l e s s  

steel and a l l o y  800 i n  draw s a l t  loops,5s5 where a t  630°C s i g n i f i c a n t  

s p a l l i n g  of the  oxide  f i lms  on type 316 s t a i n l e s s  s t e e l  was observed.5 

Our r e s u l t s  t h e r e f o r e  confirm t h a t  600°C probably r ep resen t s  an  upper t e m -  

p e r a t u r e  s e r v i c e  l i m i t  f o r  such a l l o y s  in NaNOj-mO3 ( r e f .  5). 

Vnder such con- 

Rais ing  the maximum loop 

SUMMARY 

Alloy 800 and types 304, 304L, and 316 s t a i n l e s s  steel  were exposed 

t o  thermal ly  convec t ive  NaN03-KN03 draw sa l t  a t  375 t o  60OoC f o r  more 

than 4500 h. 

a l l  a l l o y s  and t h e  d i s s o l u t i o n  of chromium by the s a l t .  The weight change 

da ta  f o r  t he  a l l o y s  ind ica t ed  t h a t  (1) the metal i n  the  oxide f i l m  c o n s t i -  

t u t e d  most of the metal loss; (2) t he  c o r r o s i o n  r a t e ,  in gene ra l ,  increased  

wi th  temperature;  and (3)  although the g r e a t e s t  metal l o s s  corresponded 

t o  a pene t r a t ion  rate of 25 w / y e a r  (1 a i l / y e a r ) ,  t he  r a t e  was less than 

1 3  p / y e a r  i n  most cases .  

l o s s  a t  in t e rmed ia t e  temperatures i n  t h e  type  3t4L s t a i n l e s s  s teel  loop. 

Meta l lographic  examinations showed no evidence of i n t e r g r a n u l a r  a t t a c k  

The exposure r e s u l t e d  i n  the growth of t h i n  oxide f i lms  on 

S p a l l a t i o n  had a s i g d f i c a n t  e f f e c t  on metal 
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o r  of s i g n i f i c a n t  cold-leg depos i t s .  Weight change data  f u r t h e r  confirmed 
t h e  absence of thermal g rad ien t  mass t r a n s p o r t  processes i n  t hese  draw 

sa l t  systcms. 

Rais ing  t h e  m a x i m u m  temperature of t h e  type 316 s t a i n l e s s  steel loop 

from 595 t o  620°C dramat i ca l ly  increascd the cor ros ion  rate. 

appeared t h a t  600°C may be t h e  l imi t ing  tempera ture  for use of such a l l o y s  

i n  draw s a l t .  
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Table A. l .  Weight changes for alloy 800 specimens exposed to draw salt 
in an alloy 800 thermal convection loop - 

Weight change (R/rn2)  for to ta l  exponuts in h 

1500 2002 3010 4498 4998 6146 6650 
Spec f Temperature 

378 ("a 
0.0 +0.3 +0.9 +le4 +2.6 +3.0 +3.4 +3.9 H1 580 

iQ.3 +1.7 +2.0 +2.5 +3.7 +3.7 +4.7 '5.7 H2 595 
M.3 +1.1 +0.9 +1.4 +2.0 +2.5 +3*0 +3*5 H 3  600 
-0.6 -6.3 +O.3 M . 3  +0.8 + l e 3  + l e 8  H4 570 

0.0 +1.0 +1.5 -0 .6 4 . 6  -1.1 - 0 . 3  H 9  545 
H 6  520 0.0 0.0 -0.6 4 . 3  4 . 3  6 . 3  +0.2 +0*7 

6 . 6  4 . 6  -1.1 -0.9 - 0 . 6  4 . 6  -0.6 - 0 . 6  I T  7 495 
0.0 0.0 0.0 0.0 0.0 

0.0 

H8 470 0.0 +0.3 6.6 

-0.6 4 . 8  -1.1 -0.6 0.0 -1.4 -0.4 +0.1 

-0.3 4 . 3  4 . 6  6 . 3  0.0 -1.0 4 . 5  

c3 485 
c4 455 -0.6 6 . 3  4 . 6  -2.0 -1.44 4.9 - 0 . 4  - 0 . 9  

0.0 c5 435 
C6 410 -0.6 4.3 4 . 6  - 0 . 3  - 0 . 3  6 . 3  - 0 . 3  +O.2 

0.0 0.0 c7 390 -0 .6  -0.3 - 0 . 6  4 . 3  0.0 4 . 5  
C 8  375 -0.6 -0.6 -0.9 -0.3 4.3 4 . 3  4 . 8  -0.3 

w 
I- 

. ;  



Table A.2. Weight changes f o r  types 304 and 304L e t a i n l e s s  s t e e l  
specimens exposed t o  draw sal t  i n  a type 304L s t a i n l e s s  

s t ee1  thermal convect ion loop 

Weight change (g/m*) for t o t a l  exposure In  h 
Temp e r a  t ure 

3006 4488 4988 5489 6279 6804 500 1500 2121 

H1 580 0.0 +0.3 +0.3 
H2 595 -1.7 -0.3 -2.0 
H3 600 -1.1 0.0 +0.9 
I f 3 W  600 -2.8 4.8 4 . 3  
H4 570 M . 8  +2.3 +2.0 
H5 54 5 
H6 520 
H7 
14 8 465 3.0.3 +2.0 +2.6 

( " C )  Specimen 

+0.3 M.6 +Os6 -1.3 -1.8 -0.9 
-2.0 +0.9 +2.6 +3.5 +2.2 +3.1 
W.9 +0*6 6 . 2  0.0 -1.3 -0.9 

0.0 + O , 9  +O.Z +Q.1 -107 -105 
+le7 +2.0 +0.7 -0.2 -1.5 -5.1 

W . 8  + l e 1  +11.4 +8.8 +Om6 + l e 1  H . 6  -0.8 -1.3 
0.0 +0.6 4-16.8 +14.5 +15.4 +16.9 +11.0 +10.5 +11.0 

+4.6 +4.8 +4.8 +3.5 +3.5 4-3.5 
+2.8 +3.4 +2.5 +2.5 +1.6 + l o 6  490 0.0 +0.8 +4.8 

+4.6 +5.7 +4.7 +5.2 +5.7 +6*7 M.6 + l e 7  +4.0 
c3 485 +3.7 +5.7 3.4.2 +6.7 +6*7 +Go2 49 .3  +2.0 +2.8 455 +3.7 +4.6 3.3.2 +2.7 +3.2 +3*2 c4 

0.0 + l e 7  +3.1 
C4Aa 455 +3.4 +4.0 +3.6 +3.2 +3-2 +3*2 0.0 +1.1 +2.0 

M.3 +0.8 +1.4 C6 410 +2.3 +2.8 +2.4 +2.0 + l o 1  +lo5 
M . 6  +1.7 + l e 7  c7 390 +3.1 +3.7 +2.8 +2.8 +2.4 
M.3 +2.8 +2.8 C 8  375 

c5 435 +2.6 +4.0 +4.0 +3.1 +2*2 +2*2 

aSpecimens H3A and C4A are type 304 s t a i n l e s s  steel; remainder a r e  type 304L. 

w 
N 



Table A.3. Weight changes f o r  type 316 stainless steel specimens exposed 
to draw salt in a type 316 stainless steel thermal convection loop 

Temperaturea ('C) Weight change (g/a2) €or total exposure in h 

499 1500 2001 3010 4501 5102 6108 7133 7658 8660 AT - 
225'C 150'C 

Specimen 

H 1  
H2 
83 
H4 
H5 
H6 
87 
H 8  

5RO 580 
590 580 
595 595 
565 575 
535 555 
50 5 535 
47 5 520 
445 500 

~ ~~~ ~~~~~ 

0.0 +l . l  M.6 +0.7 +0.6 
M.3 -4.0 -2.8 -2.3 -2.0 
-1.4 -0.6 -1.4 -1.1 4.9 
M.3 -3.1 -6 .6 - 8 . 6  - 8 . 6  
M.8 +0.8 0.0 +0.3 +0.6 
44.6 +0.6 +0.3 M . 6  W.6 
0.0 +Om3 +0.3 M.6 +0.3 
0.0 0.0 -0.3 0.0 - 0 . 3  

4 . 7  
-2.5 
-1 e4 
-8.1 
fl.1 
+1.1 
+0.8 
+ l e 3  

+c). 1 
-2 .o 
- 0 . 9  
-7.6 
+1.6 
+1.1 
+1.3 
+ l e 8  

+o. 5 
4 . 6  
-1.8 
-3.7 
+5.7 
+3.5 
+1.8 
+3.4 

M.5 +0.5 
-0.1 4 . 1  
-6.6 4.0 
-8.0 -7.5 W 

+3.3 +5.2 
+2.5 +4.9 
+1.8 +4.2 
+3.4 +5*0  

c3 485 530 M.8 +0.6 +0.6 +le1 +le4 +2.8 +2.3 +7.0 +So1 +8*8 

c4 455 505 M.3 +0.8 -1.1 -1.7 -1.1 -1.6 -255 M.8 -1.1 M . 3  

CII  491) 495 M.6 M . 8  M.8 +la4 +1.7 + l e 7  +2.7 +3.2 +3*2 + T o 1  

c7 390 465 W.3 W.3 H . 6  M.8 M.6 # e 1  M.1 +2.9 +2*4  +4*8 
C 8  375 450 -1.1 -1.1 -1.1 -1.1 -1.1 -1.1 -0.6 +le3 Me8 +3*2 

C6 410 It80 4 4 . 3  +2.8 +2.8 +3.1 +3.4 +3.4 +3.4 +6.2 +5.7 +7.6 

aAT (temperature differential) changed from 250 to l50'C after 5102 h; Tmax (maximum temperature) 
changed from 595 to 620'C after 6108 h with corresponding changes in all epecimen tcmperaturee. 
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Table A.4. Average corrosion product 
thickness  for alloy 800 specimens 

exposed t o  flowing drav s a l t  

(Average of ten measurements) 

Temp era tu  re Thickness x (m) 
Specimen ,O". 

t L I  1500 h 4500 h 

E l  

E2 

E3 

84 

85 

H 6  

E7 

88 

c 3  

c4 

cs 

C6 

c7  

cs 

580 

595 

600 

570 

545 

520 

495 

470 

485 

455 

435 

410 

390 

37 5 

3.7 

3.7 

5.4 

2.8 

2.3 

1.0 

0.4 

0.3 

1.8 

1.6 

0.9 

0.4 

0.4 

0.5 

5.1 

6.2 

6.8 

5.3 

3.6 

1.2 

1.1 

1.3 

2.5 

2.7 

1.7 

2.7 

1.2 

2.3 
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Table A. 5. Average corrosion product 
thickness  for types 304 and 304L 

s t a i n l e s s  steel  exposed to  
flowing drav s a l t  

(Average of ten measurements) 

Temperature Thickness z (p) 
Spec iaen f OF\ 

1500 h 4500 h \ b J  

H1 580 4.1 

H2 595 2.6 6.8 

H3 600 3.6 5.6 

H 3Aa 600 3.6 5.0 

H4 5 70 1.9 6.0 

H 5  545 1.2 11.9 

H6 520 0.4 22.8 

H7 490 1.1 3.5 

HS 465 1.4 1 .3  

c3 485 2.9 5.1 

c4 45s 2.0 3.1 

C 4Aa 4 55 1 .7  2.4 

c5 435 1.4 3.1 

C6 410 0.7  0.6 

c7 390 <0.4 1.4 

C8 375 1.1 0.7 

?Qpe 304 s t a i n l e s s  steel;  others are 
type  304L. 
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Table A.6. Average corrosion product 
thickness  for type 316 s t a i n l e s s  

steel exposed to flowing 
draw s a l t  

(Average of ten measurements) 

Temperature Thickness x (pm) 
Specimen I O - \  

b l  1500 h 4500 h 

H1 58 0 0.5 

H2 595 1.9 4.4 

H3 59 5 4.0 7.7 

H4 565 0.2 8.2 

H 5  535 1.7 5.7 

H6 505 0.6 2.8 

H7 475 0.2 0.0 

H8 445 0,o 0.0 

c3 48 5 2.2 7.4 

c4 455 1.7 4.4 

c5 43 5 0.9 1 .3  

C6 410 6.1 4.0 

c7 390 0.3 0.2 

C8 375 0.0 0.0 
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Table A.7. Weight change resul ts  for al loy 800 exposed 
t o  flowing b N 0 3 - K N 0 3  f o r  1500 h 

Weight change (g /m2 

I - 
H 1  580 3.7 5.4 M.3 5 13.8 18.9 
H2 595 3.7 5.4 +1.7 3 13.8 17.5 
H 3  600 5.4 7.9 +1.1 6.8 20.2 27.0 
H4 5 70 2.8 4.1 -0.3 4.4 10.5 14.9 

H5 545 2.3 3.3 4 . 6  4.0 8.6 12.6 
H6 520 1.0 1.5 0.0 1.5 3.7 5.2 
H7 495 0.4 0.6 -0.6 1 .2  1.5 2.7 
H 8  470 0.3 0.4 M.3 0.2 1.1 1.3 

c1 470 -2.8 
c2 475 +l. 1 
c 3  485 1.8 2.6 -0.8 3.4 6.8 10.2 
c4  455 1.6 2.3 4 . 3  2.6 6.0 8.6 

c 5  435 0.9 1.3 -0.3 1.6 3.4 5.0 
C6 410 0.4 0.6 -0.3 0.9 1.5 2.4 
c7  390 0.4 0.6 -0.3 0.9 1.5 2.4 
C 8  375 0.5 0.7 -0.6 1.3 1.9 3.2 

QT, temperature. 

hx, thickness .  

CAWo, weight of reacted oxygen; Ab’, measured ,,.ght change; 
~ W D ,  t o t a l  weight of dissolved elements;  A k k ( o ) ,  weight of reacted 
I r o n  and chromium; and hWT, t o t a l  weight of oxidized metal. 



Table A.8. Weight change r e s u l t s  for  a l l o y  800 exposed t o  
flowing NaNO3-KNO3 f o r  4500 h 

~- ~ 

la xb Weight change= (g/m* ) CRd 

A WO Aw Avo %(o) AWT (rzm/year) (mil /year)  
( "C)  (m) Specimen 

H1 580 5.1 7.4 +2.6 4.8 19.1 23.9 5 0.2 
H2 595 6.2 9.0 +3.7 5 .3  23 .2  28.5 8 0.3 
H3 600 6.8 9.9 +2.0 7.9 25.5 33.4 8 0.3 
H4 570 5.3 7.7 4.3 7.4 19.8 27.3 8 0.3 

H5 545 3.6 5.2 0.0 5.2 13.5 18.7 5 0.2 
H6 520  1 .2  1.7 -0.3 2.0 4.5 6.5 3 0.1 
H7 495 1.1 1.6 -0.6 2 .2  4.1 6.3 3 0.1 
H8 470 1.3 1.9 0.0 1.9 4e9 6e8 3 0.1 

c1 470 3.2 4.7 -2.0 6.6 12.0 18.6 5 0.2 
c2 475 2.2  3.2 +1.4 1.8 8.2 10.0 3 0.1 
c3 485 2.5 3.6 0.0 3.6 9.4 13.0 3 0.1 
c4 455 2.7 3 .9  -1.4 5.3 10.1 15.4 3 0.1 

c 5  435 1.7 2.5 0.0 2.5 6.3 8.8 3 0.1 
C6 4 10 2.1 3.9 - 0 . 3  4.2 10.1 14.3 3 0.1 
c7 390 1.2 1.7 0.0 1.7 4.5 6.2 3 0.1 
C8 375 2.3 3.3 -0.3 3.7 8.6 12.3 3 0.1 

aT, temperature.  

bz, thicknesa.  
CAWo, weight of reacted oxygen; AW, measured weight change; WD, t o t a l  weight of 

d i s so lved  elements;  AWM(~), weight of r eac t ed  i r o n  and chromium; and AWT, t o t a l  weight of 
oxidized metal. 

&R, carroeion r a t e .  

W 
39 
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Table A.9. Weight change r e s u l t s  for type 316 s t a i n l e s s  
steel exposed to  flowing NaNO3-KNO3 for 1500 h 

Speci 
2 Weight changeC (g/m2) F 

("C) (Fnn) 
men 

H 1  580 +1.1 
H2 595 1.9 2.e -4.0 6.8 7.1 13.9 
H3 6 00 4.0 5.8 4 . 6  6.4 15.0 21.4 
H4 565 0.2 0.3 -3.1 3.4 0.8 4.1 

85 535 1.7 2.5 H.8 1.7 6.4 8.C 
H6 505 0.6 0.9 H.6 0.3 2.2 2.5 
H7 47 5 0.2 0.3 4-0.3 0.0 0.7 0.7 
H a  445 0.0 0.0 0.0 0.0 0.0 0.0 

c1 470 0.0 
e2 475 -0.6 
c3 485 2.2 3.2 M.6 2.6 8.2 10.8 
c4 455 1.7 2.5 +o.a -1.7 6.3 8.0 

c5  435 0.9 1.3 M.8 0.5 3.4 3.9 
C6 410 6.1 8.9 +2.8 6.1 22.8 28.9 
c7 390 0.3 0.4 M.3 0.1 1.2 1.3 
ca 375 0.0 0.0 4.1 1.1 0.0 1.1 

QT, temperature. 

bz, thickness. 

=AVO, veight  of reacted oxygen; AV, measured weight change; 
AVg, tot31 veight  of dissolved elements; AKMfO), weight of 
reacted iron and chromium; and AWT, total weigh' of ox!dized 
metal. 

aNegative number ind ica tes  physical  imposs ib i l i ty .  

I 



Table A.10. Weight change results fat  type 316 stainless steel 
exposed to flowing NaNO3-KNO3 for 4500 h 

Weight changeC (g/m2) CRe P G Specimen 
Av A'd AwMfo) wT (m/year) (mil/year) 

H1 
H2 
H3 
H4 

H5 
H6 
H7 
H8 

c1 
c2 
c3 
c4 

c5 
C6 
c7 
C8 

580 0.5 0.7 +0.6 0.1 1.9 2.0 
595 4.4 6.4 -2.0 8.4 16.5 24.9 
600 7.7 11.2 4.9 12.1 28.8 40.9 
565 8.2 11.9 -8.6 20.5 30.7 51.2 

535 5.7 8.3 +0.6 7.7 21.3 29.0 
505 2.8 4.1 +0.6 3.5 10.5 14.0 
475 0.0 0.0 +Om3 4 . 3  0.0 - 0 . 3  
445 0.0 0.0 -0.3 0. 3 0.0 0.3 

470 0.0 0.0 4 . 3  0.3 0.0 0.3 
475 1.9 2.8 - 0 . 3  3.1 7.1 10.2 
485 7.4 10.8 +1.4 9.4 27.7 37.1 
455 4.4 6.4 -1.1 7.5 1 6 . 5  24.0 

435 1.3 1.9 +1.7 0.2 4.9 5.1 
410 4 .O 5.8 +3.4 2.4 15.0 17.4 

0.7 0.4 390 0.2 0.3 +0.6 -0.3 
375 0.0 0.0 -1.1 1.1 0.0 1.1 

(3 
5 
10 
13 

8 
3 

(3 

<3 
3 
10 

5 

<3 
5 

(3 
(3 

(0.1 
0.2 
0.4 
0.5 

0.3 
0.1 

(0.1 

(0.1 
0.1 
0.4 
0.2 

<o. 1 
0.2 

<o. 1 
(0.1 

O T ,  temperature. 

bz, thickness. 
CAWo, wnfght af reacted oxygen: AW, measured weight cliango; b w ~ ,  total weight of 

dissolved elements; A W M ( , ) ,  weight of reacted iron and chromium: and AVT, total weight of 
oxidized metal. 

dNegative number indicates physical impossibility. 

OCR, corrosion rate. 
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Table A.11.  Weight change r e s u l t s  for types 304 and 304L 
s t a i n l e s s  s t ee l  exposed t o  flowing NaNO3-KSO3 for 1500 h 

H1 580 
H2 595 
H3 600 
H 3A 600 
R4 570 

H 5  545 
H 6  5 2 0  
87 490 
H8 465 

c1 4 7 0  
c 2  475 
c3 485  
c 4  455 
C4A 455  

c5 435 
C 6  410 
c7 390 
C 8  3 75 

2.6 
3.6 
3.6 
1.9 

1.2 
0.4 
1.1 
1.4 

2.9 
2.0 
1.7 

1.4 
0.7 
(0.4 
1.1 

3.8 
5.2  
5 . 2  
2.8 

1.7 
0.6 
1.6 
2.0 

4.2 
2.9 
2.5 

2 .o 
1.0 
0.6 
1.6 

-0.3 
0.0 

- 0 . 8  
+2.3 

+1.1 
+0.6 
+0.8 
+2.0 

H.8 
+2.3 
+1.7 
+2.0 
+1.7 

+1.1 
+0.8 
+1.7 
+2.8 

4.1 
5.2 
6.0 
0.5 

0.6 
0.0 
0.8 
0.0 

2.5 
0.9 
0.8 

0.9 
0 . 2  

-1.1 
-1.2 

9.7 
13.5 
13.5 
7.1 

4.5 
1.5 
4.1 
5.2  

10.9 
7.5 
6.4 

5 . 2  

1.5 
4.1 

2.6 

13.8 
18.7 
19.5 
7.6 

5.1 
1.5 
4.9 
5.2 

13.4 
8.4 
7.1 

6.2 
2.8 
0.4 
2.9 

aT, temperature .  

bx, th ickness .  

CAW,, weight of r e a c t e d  oxygen; AW, measured W e i g h t  change; 
AWD, t o t a l  weight of dissolved elements;  A$!(*), weight of 
r e a c t e d  iron and chromium; and AVT, t o t a l  weight of oxid ized  
metal. 

dNegative number i n d i c a t e s  phys ica l  i m p o s s i b i l i t y .  



H1 
H2 
H3 
H 3A 
H4 

H5 
H6 
H7 
H8 

c1 
c2 
23 
c4 
C4A 

c5 
C6 
c7 
C8 

580 
595 
600 
600 
570 

545 
520 
490 
46 5 

470 
475 
485 
455 
455 

435 
410 
390 
375 

4.1 
6.8 
5.6 
5.0 
6.0 

11.9 
22.8 
3.5 
1.3 

5.1 
3.1 
2.4 

3.1 
0.6 
1 .4  
0 . 7  

6.0 
9.9 
8.2 
7.3 
8.7 

17.3 
33.2 
5.1 
1.9 

7.4 
4.5 
3.5 

4.5 
0.9 
2.0 
1.0 

+6.0 
+O. 9 
+0.6 
+O. 9 
+2.0 

+0.6 
+15.4 
+4*8 
4.3.4 

+2.3 
+2.0 
+5.7 
+5.7 
+4.6 

+4.0 
+4.0 
+2.8 
+3.7 

5.4 
9.0 
7.6 
6.4 
6.7 

6.7 
17.8 

-1.5 
0.3 

1.7 
-1.2 
-1.1 

0.5 
-3.1 
- 0 0  7 
-2.7 

15.4 
25.5 
21.0 
18.7 
22.5 

44.6 
85.4 
13.1 
4.9 

19.1 
11.6 
9.0 

11.6 
2.2 
5.2 
2.6 

20.7 
3 4 . 5  
28.5 
25.1 
29.2 

61.3 
103.2 
13.4 
3.4 

20.8 
10.4 
7.9 

12.1 
4.9 
4.5 

-1.99 

5 
8 
8 
5 
8 

15 
25 
3 
(3 

5 
3 
3 

3 

(3 

0.2 
0.3 
0.3 
0.2 
0.3 

0.6 
1.0 
0.1 

<o. 1 

0.2 
00 1 
0.1 

0.1 

<0.1 

bz, th ickness .  

Table A.12. Weight change r e s u l t 8  for types 304 and 304L s t a i n l e s s  steel 
exposed to flowing NaN03-KN03 for 4500 h 

a!l", temperature. 

weight of reacted oxygen; AW, measured weight change; WD, total weight of d i s so lved  
elements;  A W M ( ~ ) ,  weight of reacted iron and chromium; and A W T ,  t o t a l  weight of oxidized metal.  

dNegative number represents  physical impossibility. 
eCR, corros ion ra te .  
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