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ABSTRACT 

Under the  d i r e c t i o n  o f  the Department o f  Energy, high-temperature (550°C) 
thermal energy storage concepts are  being s tud ied  f o r  appl i c a t i o n  w i t h  second- 
generat i o n  so la r  cent ra l  rece iver  thermal power systems. This  r e p o r t  eval uates 
t h e  c o m p a t i b i l i t y  o f  the  cu r ren t  choice of working f l u i d s  w i th  common g r a n i t e  
rock and a p e l l e t i z e d  i r o n  ore. Results i n d i c a t e  t h a t  the  long-term s t a b i l i t y  
o f  i ron-ore  p e l l e t s  i n  b ina ry  mixtures of potassium and sodium n i t r a t e s  i s  
super io r  t o  g r a n i t e  rock-sal t mixtures and s a l t  systems without sol i d  media. 
Corrosion o f  t h e  Inconel 600 vessels was observed. 
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I n t r o d u c t i o n  

The development o f  energy s to rage  systems t h a t  can be used t o  generate 
e l e c t r i c i t y  d u r i n g  per iods  o f  l o w  o r  ze ro  i n s o l a t i o n  i s  an impor tan t  s tep  
toward demonstrat ing t h e  t echn i ca l  and economic v i  a b i l  i ty  o f  so l  a r  e l  e c t r i c  
power p lan ts .  One technology under cons ide ra t i on  by t h e  Department o f  Energy 
(DOE) i s  sensi  b l  e  heat s torage w i t h  maximum medi a  temperatures ranging 
froni approx imate ly  300°C t o  550°C and p o s s i b l y  higher. l ,2 Proposals have 
inc luded  thermoc l ine  tanks and dual media s torage i n  which a  l a r g e  p o r t i o n  o f  
t h e  energy would be conta ined i n  a  s ta t i ona ry ,  h i g h l y  porous heat  s ink.  
Fo r  t h e  1  ower temperatures, t e s t s  have been conducted on several  hydrocarbon 
o i l s  and r i v e r  g rave l s  t o  assess t h e i r  compat ib i l  i t y ;  however, no t e s t  r e s u l t s  
have been pub1 ished t h a t  eval uate t he  compat ib i l  i t y  o f  re1  a t i v e l y  inexpensive 
f i l  l e r  media such as g r a n i t e  rock  o r  processed i r o n  o r e  pel l e t s  i n  mol ten 
s a l t  m i x tu res  o f  NaN03, KNO3 and NaN02. The e v a l u a t i o n  of these l a t t e r  
combinations, which i s  t he  sub jec t  o f  t h i s  r epo r t ,  i s  c r i t i c a l  i n  t h a t  the  
advanced, c e n t r a l  r ece i ve r  l a r g e  power system conceptual des ign program (ACR) 
proposes t o  use mo l ten  s a l t  i n  t he  r e c e i v e r  thermal s to rage  system a t  tempera- 
t u r e s  t o  550°C. 

The source, cost ,  and composi t ion o f  t he  m a t e r i a l s  t es ted  a re  1  i s t e d  i n  
Table I. Common r i v e r  gravel ,  composed mos t l y  o f  g ran i t e ,  was t e s t e d  because 
some storage concepts propose t o  use s a l t  i n  e i t h e r  n a t u r a l l y  o c c u r r i n g  o r  man- 
made underground rock caverns o r  above ground i n  l a r g e  metal  tanks f i l  l e d  w i t h  
inexpensive rock t o  d i m i n i s h  s a l t  vo l  ume. Processed i r o n  o r e  pel 1  e t s  prepared 
f rom t a c o n i t e  were proposed as a  heat s torage media by ~ o n e ~ w e l l ~ .  It i s  
r e l a t i v e l y  inexpensive ($30-40 p e r  t o n  a t  p o i n t  o f  manufacture) and more 
homogeneous and i s o t r o p i c  than most minera ls ,  be ing  approx imate ly  65% i r o n  as 
a-Fe203. The s e l e c t i o n  o f  Inconel 600 f o r  the  t e s t  con ta ine rs  was on the  
bas i s  o f  i t s  c o r r o s i o n  res i s tance  and p o t e n t i a l  as a  r e c e i v e r  tube m a t e r i a l .  
Ternary e u t e c t i c  s a l t  m i x tu res  of sodium n i t r i t e  (NaN02), sodium n i t r a t e  
(NaN03), and potassium n i t r a t e  (KNO3) can have me1 t i n g  p o i n t s  as 1  ow as 
14Z°C, depending on t he  re1 a t i v e  r a t i o s  o f  each c o n s t i t u e n t .  These sa l t s ,  
under t he  t r a d e  name HITEC,@ have been used e x t e n s i v e l y  as heat t r a n s f e r  
f l u i d s .  However, because o f  t h e  presence o f  sodium n i t r i t e  these mix tu res  a r e  
s i g n i f i c a n t l y  more expensive than o the r  s a l t s  w i thou t  t he  n i t r i t e .  For  t h i s  
reason, a l l  o f  t h e  t e s t s  r epo r ted  here except one invo lved  a  NaN03, KNO3 
b i n a r y  s a l t  m i x t u r e  (Partherm 430) t h a t  me1 t s  a t  221°C. 

Procedure 

F i ve  c y l  i n d r i c a l  vessel s  were f a b r i c a t e d  f rom Inconel  600 ( I  -600) t u b i n g  
(nominal composi t ion by weight 75 % N i ,  15.5 % C r ,  8 % Fe, 0.5 % Mn, 0.25 % 
S i ,  0.08 % C); each vessel was 5.0 cm i n  diameter and 10 cm long. End caps 



TABLE I 

MATERIALS TESTED 

Ternary Sal t M ix tu re  

Composition: 40 weight percent NaN02, 7 NaN03, 53 KN03 

Suppl i e r :  E. I. DuPont 

Me1 t i  ng Point  : 14Z°C (288OF) 

Estimated Cost*: 23 c e n t s l l b  

Binary S a l t  M ix tu re  

Composition: 46 weight percent NaN03, 54 KN03 

Su ppl i e r  : Park Chemical Co. 

Me1 t i ng Po in t  : 220°C (430°F) 

Estimated cost*: 13 cents / lb  

Gran i te  Rock 

composition: Potassi urn Fel dspar and Quar tz  

(KA1 S i  308 and S i  02 ) + Other Mineral s i n  M i  nor  

Q u a n t i t i e s  

Suppl i e r :  Owl  Rock Co., Barstow, C a l i f o r n i a  

S i  ze: 20mm Nominal 

Estimated cost*: $1 5/ ton  

I r o n  Ore Pel l e t s  

Composition: 63 weight percent Fe, 28 oxygen i n  Fe203,5 Si02, 

l e s s  than 4 P, S,Ca0,Mg07H20,Mn,A1, a1 1 others 1.35% 

Suppl i e r :  U.S. Steel , Minnesota 

Size: -12mm D i  a Spherical Pel 1 e t s  

Est irnated cost* : $301 t o n  

* 
Telephone estimates; considerable v a r i a t i o n s  possib le due t o  l oca l  market 
condi t ions,  t r a n s p o r t a t i o n  cost  and quant i t ies .  



were f a b r i c a t e d  o f  1-600; one cap was b lank  and t h e  o t h e r  was bored w i t h  a 
6.25 mm O.D. t u b e  at tached. A f t e r  t h e  vesse ls  w r e  1 oaded w i t h  t h e  weighed 
s a l t / f i l  l e r  combinat ions (see Table 11), t h e  t o p  cap was welded i n  p l ace  
( t ungs ten  i n e r t  gas w l d i n g ) .  The completed vessel assembl ies were then  
p laced h o r i z o n t a l  l y  i n  a muf f1  e fu rnace  w i t h  t h e  ven t  tubes p e n e t r a t i n g  
th rough  t h e  fu rnace  w a l l  (see F igu re  1). Each vessel  was purged w i t h  d r y  
n i t r o g e n  gas, and t h e  ven t  tube  was t hen  f i t t e d  w i t h  a check v a l v e  t o  prevent  
a i r  ent ry .  The m u f f l e  fu rnace  was heated t o  550°C, w i t h  t he  temperature 
c o n t r o l  1 ed and moni tored c o n t i  nuousl y throughout  t he  t e s t .  

TABLE I 1  

TEST MATRIX 

TERNARY SALT BINARY SALT 
MIXTURE MIXTURE 

- -  ~ 

G r a n i t e  Rock Vessel #3 Vessel #I, #2 

I r o n  o r e  p e l l e t s  Vessel #5 

No F i l l e r  Vessel #4 (Con t ro l )  

A1 1 f i v e  vesse ls  were mainta ined a t  550°C f o r  700 hours, a t  which t ime  
t hey  were cooled s l o w l y  t o  ambient temperature. The vesse ls  were c u t  open and 
t h e  con ten ts  removed by r e m e l t i n g  t h e  s a l t  when necessary. The rocks and i r o n  
o r e  p e l l e t s  were f i r s t  washed w i t h  ho t  water t o  remove most r es i dua l  s a l t ,  and 
t h e n  d r i e d  and weighed. Opt i ca l  and scanning e l e c t r o n  microscopy w r e  used t o  
examine t h e  su r f ace  o f  t h e  rock and t a c o n i t e  p e l l e t s ,  and X-ray d i f f r a c t i o n  
was used t o  i d e n t i f y  t h e  p r i n c i p a l  i r o n  ox i de  phase formed i n  t h e  t acon i t e .  
The sal t s  were analyzed chemical l y  u s i  ng emission spectroscopy, atomic absorp- 
t i o n ,  and wet chemical techniques. M e l t i n g  p o i n t s  o f  t h e  s a l t  m i x tu res  were 
determined w i t h  a F i  scher-Johns we1 t i n g  p o i n t  apparatus. Metal l og raph i c  spec- 
imens o f  t h e  1-600 t u b i n g  were examined us i ng  a scanning e l e c t r o n  microscope 
and energy d i s p e r s i v e  X-ray ana l ys i s .  

Resu l t s  

The vessels  and con ten ts  a re  shown i n  F i g u r e  2 a f t e r  opening. The i r o n  
o r e  pel 1 e t s  had changed c o l o r  from b lack  t o  brown, and t h e  rock su r faces  
appeared p i t t e d  and encrusted w i t h  s a l t  c r y s t a l s .  There was a v a r i a t i o n  i n  
t h e  s a l t  c o l o r  f rom vessel t o  vessel . I n  a1 1 cases, t h e  c o l  o r  change was 
f rom v h i t e  t o  va r ious  shades o f  yel low-green, t h e  t i n t  due p r i m a r l y  t o  t h e  
presence o f  chromium. Tab1 e I 1  I summarizes t h e  qua1 i t a t i v e  observat ions;  
Tab le  I V  d i sp l ays  t h e  changes i n  f i l  l e r  mass and s a l t  me1 t i n g  p o i n t s  b e f o r e  
and a f t e r  t e s t ;  and Table V l i s t s  t h e  r e s u l t s  o f  t h e  chemical ana lys is ,  
The i r o n  o re  pel  l e t s  and s a l t  m i x t u r e  was removed e a s i l y  f rom t h e  vessel  ; i n  
con t ras t ,  t h e  sal  t and rock-sa l  t m ix tu res  were extreme1 y d i  f f i c u l  t t o  remove 
and showed a s i g n i f i c a n t  amount o f  d e p o s i t i o n  on t he  w a l l  a t  t he  l i q u i d - v a p o r  
i n t e r f a c e ,  The p o s t - t e s t  f i l  l e r  m a t e r i a l  s a r e  shown i n  F i g u r e  3. Degradat ion 
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Figure  2a. B inary  E u t e c t i c  F igure  2b. Ternary E u t e c t i c  
S a l t  Only S a l t  and Gran i t e  

F igu re  2c. B ina ry  E u t e c t i c  S a l t  and P e l l e t i z e d  I r o n  Ore 



TABLE I 1 1  

SUMMARY OF VISUAL OBSERVATIONS 

Vessel No. - 1 & 2 3  4  5 
Contents - Rock/ Rock/ I r o n  Ore Contro l  / 

Bi  nary  Ternary Pel 1  e t  s/  B i na ry  sa l  t 
Sal t S a l t  B i na ry  s a l t  On1 y 

Depos i t  on Vessel Wall s  Much Much None Some 

Sur face Changes on F i l  l e r  Much Much L i t t l e  \ /A 

Adhesion t o  Vessel Wal l  Much Most None Some 

Co lo r  o f  S a l t  pal e  green pal e  green very  p a l e  green 
pa le  green 

Co lo r  Separat ion i n  S a l t  Yes Yes No No 

Water I n s o l u b l e  
P rec i  p i  t a t e s  Much Most L i  ttl e Negl i g - i b l e  

TABLE I V  

FILLER MASS AND SALT MELTING POINT CHANGES 

Vessel F i l l e r  Mass(g.) S a l t  MP.("C) 
Number Sal t F i l l e r  Be fo re  A f t e r  %Change Be fo re  A f t e r  Change 

1 Binary*  Rock 200 190 -5 220 190 -3 0  

2  B inary*  Rock 200 182 -9 220 185 -3 5 

3  Ternary t  Rock 200 191 -5 142 180 t 3  8  

5 B inary*  I r o n  Ore 200 218 +9 220 191 -29 

4 B i  nary* - - - - 220 185 -3 5  

* 
B ina ry  compos i t i on  46 w% NaN03, 54 KNO3 

t ~ e r n a r y  compos i t i on  40 w% NaN02, 7 NaN03, 53 KNO3 



TABLE V 

CHEMICAL ANALYSIS RESULTS 

Vessel No. - - 1 2 5 4 3 
Contents - Binary Binary + Binary B i  nary Ternary 

Rock + I r o n  Ore + Rock 

Na+ (w %) 16. 15.0 15.5 16.6 12.2 12.3 9.6 

N i  (PPm) 5 10 10 30 < lo  8 <10 

Notes: a b b b b c b 

R 
Not Spec i f i ca l  l y  Determined. 

Notes: 
a A l l  val ues repor ted i n  weight precent determined by w e t  chemistry, 

remainder by  atomic absorption. 

b~ll val w s  repor ted i n  weight percent determined by wet  chemistry, 
remainder by emi ss ion  spectroscopy. 

C 
Dup l ica te  ana lys i s  





of t h e  g r a n i t e  rock  i s  c l e a r l y  i n d i c a t e d  by t h e  presence o f  " f i nes " .  The 
i r on -o re  p e l l e t s  showed l i t t l e  change o t h e r  than a  change o f  su r face  c o l o r  
f rom b lack  t o  brown. Scanning e l  e c t r o n  photomicrographs o f  vessel s  and f i l  l e r  
media a re  shown i n  F igures 4 though 11. A d e p l e t i o n  o f  chromium from t h e  
vessel wa l l  i n  con tac t  w i t h  t he  mo l ten  s a l t  i s  most c l e a r l y  shown i n  F igu re  
5. Th is  i s  c o n s i s t e n t  w i t h  t h e  increase o f  chromium concen t ra t i on  found i n  
t h e  s a l t  by chemical ana lys is  (Table V ) .  The sur face l a y e r  i s  p r i n c i p a l l y  
i r on ,  below which a  n i c k e l  enr iched l a y e r  i s  ev ident .  Although no t  as c l e a r l y  
de l  ineated, s i m i l a r  " l a y e r i n g "  o f  a1 l o y  elements i s  ev i den t  i n  a1 1  vessel 
micrographs. 

F igures 7 though 10 show t h e  f i l l e r  media before and a f t e r  exposure t o  
t h e  sal t . Microphotographs show rounding o f  su r face  features;  cracks and 
f i s s u r e s  a re  ev iden t  a t  the h i ghe r  magn i f i ca t i on .  The i r on -o re  p e l l e t  photo- 
graphs b e f o r e  and a f t e r  exposure show 1  ittl e  change. F igure  11 i s  a  macro- 
photograph of two i r on -o re  pel l e t s ,  one as rece ived  and t h e  second a f t e r  
exposure. A white,  water inso lub le ,  p r e c i p i t a t e  was found on several  i r on -o re  
p e l l e t s ;  F i gu re  11 shows t h e  bes t  example. EDAX a n a l y s i s  o f  t he  wh i te  su r f ace  
i n d i c a t e d  o n l y  potassium compounds. Powder d i f f r a c t i o n  r e s u l t s  were inconc lus-  
i v e  s ince  the  wh i te  reg ions were found t o  be amorphous. 



F igu re  4. Above, scanning e l e c t r o n  photo 
micrograph o f  Incone l  600 exposed t o  b i na  
e u t e c t i c  s a l t - g r a n i t e  p e l l e t i z e d  rock  mix  
" A "  i s  su r face  oxide, p r i n c i p a l l y  i r o n  an 
n i c k e l  ; "B" i s  a  near su r f ace  l aye r ,  p r i n  
p a l l y  n i c k e l  ; " C "  has s l i g h t  chromium enr  
ment i n  g r a i n  boundary reg ions compared t 
" M a t r i x . "  D i r e c t l y  above a r e  maps o f  Fe, 
N i ,  and C r  concen t ra t ions  s e l e c t i v e l y  ove 
l a i d  on t h e  corresponding reg ions  o f  t he  
micrograph above. R igh t ,  e lemental  scans 
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F igu re  5. Above, scanning e l e c t r o n  photo- 
micrograph o f  Incone l  600 exposed t o  b i n a r y  
s a l  t - p e l l e t i z e d  i r o n  o r e  mix.  "A" su r f ace  
ox ide,  p r i n c i p a l l y  i r o n ;  "B" subsur face 
l a y e r ,  p r i n c i p a l l y  n i c k e l  ; " C "  has chromium 
r i c h  g r a i n  boundary reg ions  compared t o  
"Mat r i x . "  D i r e c t l y  above a re  maps o f  Fe, 
Ni ,  and C r  concen t ra t i ons  s e l e c t i v e l y  over-  
l a i d  on t h e  cor responding reg ions  o f  t h e  
micrograph above. R igh t ,  e lemental  scans. 



Figure 6. Above, scanning e lec t ron  photo- 
micrograph o f  Inconel 600 exposed t o  b inary 
s a l t .  " A "  sur face oxide, p r i n c i p a l l y  i r o n  
and n i c k e l  ; "B" near sur face l aye r ,  p r i n c i -  
p a l l y  n i cke l ;  " C "  has s l i g h t  chromium en- 
r ichment i n  g ra in  boundary regions compared 
t o  "Matr ix."  D i r e c t l y  above are maps o f  Fe 
N i ,  and C r  concentrat ions o v e r l a i d  on the  
corresponding regions o f  the  micrograph 
above. Right,  elemental scans. 
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F igu re  7a. Rock Be fo re  Exposure 

200X 
F igu re  7b. Rock Be fo re  Exposure 
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F igu re  8a. Rock A f t e r  S a l t  Exposure 

200X 
F igu re  8b. Rock A f t e r  S a l t  Exposure 
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F i g u r e  9a. I r o n  Ore Pellet B e f o r e  Exposure 
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Figure 10a .  Iron Ore P e l l e t  After S a l t  Exposure 

400X 
Figure l o b .  Iron Ore Pellet  After S a l t  Exposure 
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Discuss ion 

Sal t - F i l  1  e r  I n t e r a c t i o n s  

Based upon t h e  mass change o f  t h e  g r a n i t e  rock f i l l e r  media as a  r e s u l t  
o f  exposure t o  t h e  s a l t ,  i t  i s  apparent t h a t  d i s s o l u t i o n  o f  t h e  rock occurred. 
S ince g r a n i t e  i s  composed c h i e f l y  of qua r t z  (S i02)  and potassium fe ldspar  
(KALSi308), t h e  f o rma t i on  o f  NaeSiOg (shown below) has been suggested5 as a  
p o t e n t i a l  d i s s o l u t i o n  mechanism. 

5 
2  NaN03 (2 )  + Si02 ( c )  Na2Si03 (c )  + N2(g) + 02(g). 

Other r eac t i ons  a r e  a1 so poss ib le6;  f o r  example 2  NaN03 + 2  SiOp + Na20.2 Si02 
5 + Np + 02. The l a s t  i s  thermodynamical ly favored a1 though i t  may be reac- 

t a n t  1  im i ted .  Na2Si03 i s  i n s o l u b l e  i n  potassium and sodium n i t r a t e s 7  
bu t  s l i g h t l y  s o l u b l e  i n  water;8 hence i t would not have been no t i ced  a f t e r  
t h e  rocks had been washed. Spectroscopic ana l ys i s  o f  t he  so l  i d  s a l t  showed 
s i g n i f i c a n t  amounts o f  a1 uminum and s i l  icon, which i n d i c a t e s  t h a t  t he  f e l  dspar 
a t  l e a s t  d i sso l ves  i n  the  mol ten s a l t .  Fur ther ,  as shown i n  F i g u r e  3, t h e  
g r a n i t e  rocks w r e  s i g n i f i c a n t l y  f r ac tu red .  The f i n e ,  sand- l ike,  rock  f r a g -  
ments w r e  formed by d i s i n t e g r a t i o n  and f r a c t u r e  o f  t h e  20 mm nominal diameter 
g r a n i t e  pieces. Th is  f r a c t u r i n g  can bes t  be expla ined by p r e f e r r e n t i a l  
g ranu la r  a t t ack  o f  t h e  rocks by  t h e  mol ten s a l t ,  s i n c e  t he  t e s t  invo lved  no 
thermal cyc l i ng .  

Some general observat ions o f  t he  sal  t l r o c k  i n t e r a c t i o n s  from microscopic  
examinat ions can be made. F i r s t ,  most o f  t h e  o r i g i n a l  su r f ace  s t r u c t u r e  o f  
t h e  rock  samples was ve ry  sharp and angu la r  probably  due t o  exposed g r a i n  
boundaries (F igu re  7 ) .  Secondly, t h e  sur face  s t r u c t u r e  o f  exposed rock was 
much more rounded and p i t t e d ;  i n  some instances, remnants o f  undisso lved 
s a l t  cou ld  be seen (F igures  8 ) .  

I n  con t ras t ,  t h e  i r o n  o re  pel l e t s  and s a l t  i n t e r a c t e d  t o  a  l e s s e r  degree. 
A f t e r  the t e s t ,  t h e  p e l l e t  f i l l e r  showed an increase inmass .  Th is  increase 
i s  due i n  p a r t  t o  t h e  water i n s o l u b l e  s a l t  decomposit ion products  shown 
coa t i ng  t h e  sur face  o f  some o f  t h e  p e l l e t s  i n  F igures  3  and 11 and i n  p a r t  t o  
t h e  v o i d  volume w i t h i n  t he  pel l e t s  themselves ("- 18%) which c o u l d  r e t a i n  
t he  s a l t .  EDAX a n a l y s i s  o f  t he  wh i te  sur face  depos i t s  i n d i c a t e d  o n l y  potassium 
compounds w r e  present.  (Th i s  technique i s  i n s e n s i t i v e  t o  elements w i t h  atomic 
w i g h t s  l e s s  than  20.) I n  general ,  t h e  pre- and pos t - t es t  p e l l e t  sur faces 
showed l i t t l e  d i f f e r e n c e  o t h e r  than a  c o l a r  change (F igu re  11) .  

The increase and decrease i n  t he  me1 t i n g  p o i n t s  o f  t he  t e r n a r y  and 
b i n a r y  s a l t s  r e s p e c t i v e l y  a r e  c o n s i s t e n t  w i t h  the  chemical a n l y s i s  and t h e  
1  i t e r a t ~ r e . ~ ,  The NO3- species can decompose t o  NO2-, which 1  o w r s  
t h e  apparent m e l t i n g  p o i n t  o f  t he  b i na ry ;  NaN03 ( N i t r a t e )  NaN02 ( N i t r i t e )  t 
112 02. The o x i d a t i o n  o f  t he  n i t r a t e  t o  n i t r i t e  r a i s e s  t h e  apparent m e l t i n g  
p o i n t  o f  t h e  te rnary .  There a re  a  m u l t i t u d e  o f  thermodynamic reac t i ons  
poss ib le ;  howve r ,  i t  appears t h a t  t he  b i n a r y  and t e r n a r y  become chemica l l y  
s i m i l a r  i n  long- term use. 



Sal t -Meta l  I n t e r a c t i o n s  

As shown i n  Table  V, s i g n i f i c a n t  changes occurred i n  t h e  s a l t  compos i t i on  
and i m p u r i t i e s  f o r  a l l  t e s t  samples. Two a n a l y s i s  were performed on t h e  
sal  t con ten ts  o f  Vessel #5 because t he  f i  r s t  ( spec t roscop ic )  anal y s i  s  revea l  ed 
no chromium. A s i g n i f i c a n t  amount o f  chromium was de tec ted  i n  t h e  second 
analys ' is ,  which was c o n s i s t e n t  w i t h  t he  observed c o l o r  change o f  t h e  s a l t  t o  
pa le  green. 

The h i gh  chromium concen t ra t i on  i n  t h e  s a l t  a f t e r  exposure i s  c o n s i s t e n t  
w i t h  t h e  metal l og raph i c  r e s u l t s .  The near su r face  ox ide  l a y e r s  o f  a1 1  t h e  
Inconel  600 specimens examined by X-ray d i s p e r s i o n  (F igures  4-6)  showed a  
r e l a t i v e  enhancement o f  i r o n  and d e p l e t i o n  o f  chromium. F i gu re  5  shows an 
i r o n - r i c h  su r f ace  1  ayer  dep le ted  o f  chromium immediate ly  be1 ow a  n i c k e l - r i c h  
1  ayer, and f i n a l l y  t h e  b u l k  m a t r i x  m a t e r i a l  . Th is  m a t e r i a l  was exposed t o  t h e  
i r o n  o r e  b i n a r y  s a l t  combinat ion.  For  t h e  o t h e r  combinations, i r o n  enhancement 
o f  t h e  su r f ace  l a y e r  i s  ev i den t  and chromium d e p l e t i o n  i s  i n d i c a t e d  by d i spe r -  
s i v e  x- ray r e s u l t s  and conf i rmed by s a l t  chemical ana lys is .  Th i s  i ron -enr i ched  
zone i s  about 5  pm deep; t h e  c o r r o s i o n  l a y e r  i s  about 20 pm i n  depth. The 
n a t u r e  o f  t h e  m i c r o s t r u c t u r a l  changes be low t h e  i ron -enr i ched  zone i s  unc lear ;  
g r a i n  boundary a t t a c k  o r  i n t e r n a l  o x i d a t i o n  a re  two o f  severa l  p o s s i b i l i t i e s .  

The s a l t  analyses show g r e a t e r  increases i n  chromium concen t ra t i on  than  
n i c k e l  o r  i r o n ,  which i n d i c a t e s  p r e f e r e n t i a l  chromium d i s s o l  u t  i o n  i n  t he  
b i n a r y  e u t e c t i c .  Systematic v a r i a t i o n  o f  chromium concen t ra t i on  through t h e  
su r f ace  1  ayers  has been observed by o t h e r s  on d i f f e r e n t  a1 1  oys.10 Resu l t s  
observed here a re  cons i s t en t .  I n  a l l  t h e  Inconel  600 specimens, t h e  su r f ace  
1  ayer  was tenac ious and cont inuous, w i t h  no evidence o f  spa1 1  ing.  

Conclusions 

I n  comparing a l l  t h e  da ta  presented i n  t h i s  r epo r t ,  t h e  f o l l o w i n g  conc lus ions 
were drawn: 

1. A thermal s to rage  system empl oy i  ng common g r a n i t e  rock  and n i t r a t e  
s a l t s  o f  po tass i  um and sodium wi 1  1  undergo s i g n i f i c a n t  e r o s i o n l d i  sso l  u- 
t i o n  o f  t h e  rock  bed i n  several  years  t ime, i f  operated a t  o r  near 
550°C. The e r o s i o n / d i s s o l u t i o n  may manufacture i n c r e a s i n g l y  sma l l e r  
p a r t i c l e s  t h a t  would eventual  l y  c l o g  t h e  system and d i s a b l e  it 
compl e t e l  y. 

2. Because o f  t h e  composi t ion o f  common g r a n i t e  rock  t h e r e  i s  t h e  
p o t e n t i a l  f o r  fo rm ing  s i g n i f i c a n t  q u a n t i t i e s  o f  i n s o l u b l e  p r e c i p i t a t e s  
i n  a  thermal s to rage  system us ing  g r a n i t e  and n i t r a t e  s a l t s .  These 
p r e c i p i t a t e s  c o u l d  no t  be  formed i n  any meaningful  q u a n t i t i e s  i n  
systems empl oy i  ng t a c o n i t e  pe l  1  e ts ,  b y  v i r t u e  o f  t h e i r  re1 a t i v e  
p u r i t y  and composi t ion.  

3. There i s  no evidence t o  i n d i c a t e  t h a t  t he  e ros ion  o f  t h e  g r a n i t e  
rock i s  a  sel  f-1 i m i t i n g  process. What d i f f e r e n c e s  i n  e ros i on  t h a t  
have been observed a re  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  m inera l  og i ca l  
content ,  and not  t he  f o rma t i on  o f  a  p r o t e c t i v e  coa t ing .  There i s  
evidence t h a t  e r o s i o n  o f  t h e  g r a n i t e  i s  no t  l i m i t e d  t o  t h e  qua r t z  
bea r i ng  phases. 



4. A thermal storage system composed o f  t acon i te  p e l l e t s  and n i t r a t e  
s a l t s  o f  potassium and sodium w i l l  ma in ta in  the  i n t e g r i t y  o f  t h e  
tacon i te  bed f o r  many years i f  operated a t  550°C. 

5. On a  compat ib i l  i t y  basis, t h e r e  i s  no spec i f i c  advantage i n  us ing 
HITEC r a t h e r  than Partherm 430. The rock d i s s o l u t i o n  ra tes  are  the 
same f o r  bo th  sal ts ,  and a f t e r  700 hours a t  550°C t h e r e  appears t o  be 
v i r t u a l l y  no d i f f e r e n c e  i n  me1 t i n g  points .  
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