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ABSTRACT 

I n  a n t i c i p a t i o n  o f  an ORNL Advanced Neutron Source (ANS) and 

p o s s i b l e  l i m i t a t i o n s  on n e u t r o n  f l u x  because o f  aluminum o x i d e  b u i l d u p  

on heat  exchanger sur faces,  an e x p l o r a t i o n  was made o f  aqueous a d d i t i v e s  

f o r  i n h i b i t i n g  co r ros ion .  Th is  s tudy  has con f i rmed  p rev ious ,  e x t e n s i v e  

s t u d i e s  d u r i n g  1955-1965 showing t h a t  aluminum c o r r o s i o n  i s  a f u n c t i o n  

o f  a c i d i t y ,  temperature,  n a t u r e  and c o n c e n t r a t i o n  o f  e l e c t r o l y t e  add i -  

t i v e ,  and o t h e r  va r iab les ,  The e x p l o r a t i o n  c o n f i r m s  t h a t  phosphate i o n  

( o f  t h e  e l e c t r o l y t e  i o n s  exp lo red )  appears t o  be a good c o r r o s i o n  

i n h i b i t o r  f o r  aluminum i n  a c i d i c  media, depending upon a c i d i t y  and 

c o n c e n t r a t i o n  a t  a g i v e n  temperature.  N i t r a t e  i o n  a t  25-200"C i n  a c i d i c  

media does no t  i n h i b i t  as w e l l ,  bu t  a t  temperatures o f  200-4OO0C seems 

t o  be r e l a t i v e l y  good. As t h e  temperature r i s e s ,  t h e  pH (25°C) must be 

lowered f o r  best  i n h i b i t i o n .  S u r p r i s i n g l y ,  an a l k a l i n e ,  one molar  

ammonium b i c a r b o n a t e  s o l u t  

r e s i s t a n c e  a t  temperatures 

c o r r o s i o n - p r o t e c t i o n  a d d i t  

on appears t o  p r o v i d e  good c o r r o s i o n  

up t o  180°C, appear ing t o  be t h e  best  

ve ( t o  18OOC) o f  t hose  explored. 
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INTRODUCTION 

I f  aluminum i s  t o  be used i n  h i g h - c a p a c i t y  h e a t - t r a n s f e r  systems, a 

s e r i o u s  problem i s  t h e  f o r m a t i o n  o f  c o r r o s i o n  produc t  on i t s  heat -  

t r a n s f e r  sur face.  Th is  problem a r i s e s  because o f  t h e  very low thermal  

c o n d u c t i v i t y  of aluminum o x i d e  compared t o  t h a t  o f  aluminum and i t s  

a l l oys .  Thus t h e  a b i l i t y  o f  c o o l a n t  t o  remove heat  i s  s e r i o u s l y  

i m p a i r e d  i f  f o r m a t i o n  o f  aliiminum o x i d e  becomes large.  I f  aluminum i s  

c o n t i n u a l l y  o x i d i z e d  ( t h u s  no t  p a s s i v a t e d )  and t h e  o x i d e  d i s s i p a t e d ,  

t h i s  a l s o  becomes a s e r i o u s  problem f o r  very  t h i n  aluminum-sheet 

c ladding.  OKNL i s  des ign ing  an Advanced Neutron Source (ANS), a second 

g e n e r a t i o n  r e a c t o r  t o  p r o v i d e  inc reased c a p a b i l i t i e s  over  thase  pre-  

s e n t l y  o f f e r e d  by t h e  High F lux  I s o t o p e  Reactor  (HFIR) .  The ANS i s  

p lanned t o  p r o v i d e  approx imate ly  seven t imes h i g h e r  neu t ron  f l u x  t h a n  

t h e  H F I K ,  t hus  r e q u i r i n g  much g r e a t e r  heat  removal. The genera l  des ign  

w i l l  be s i m i l a r  t o  t h a t  o f  t h e  HFIR, where in t h e  o u t l e t  coo lan t -wa te r  

temGerature w i l l  be near 88OC. 

The present  s tudy  exp lo res  t h e  abi  1 i t y  o f  e l e c t r o l y t e  addi t i ves i n  

wa te r  s o l u t i o n  t o  i n h i b i t  o r  p revent  c o r r o s i o n  o f  aluminum meta l  a t  tem- 

p e r a t u r e s  up t o  40OOC. It i s  recogn ized t h a t  e x t e n s i v e  work o f  t h i s  

n a t u r e  has been per formed p rev ious l y .  Severa l  exce l  l e n t  s t u d i e s  and 

e v a l u a t i o n s  a t  temperatures up t o  350°C w i t h i n  ORNL, o t h e r  government 

i n s t a l l a t i o n s ,  and e lsewhere have been made (1-FJ), w i t h  one conc lus ion  

( 4 )  t h a t  phosphate ion,  of t hose  s tud ied ,  was perhaps t h e  best  c o r r o s i o n  

i n h i b i t o r  f o r  aluminum and p a r t i c u l a r  aluminum-al loys. We have t e s t e d  

t h e  e a r l i e r  conc lus ions  and searched f o r  o t h e r  a d d i t i v e s  t h a t  migh t  

se rve  as w e l l  o r  b e t t e r .  A new s o l u t i o n  a d d i t i v e  exp lo red  i n  t h i s  
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s tudy  (NH4HC03) appears t o  show m e r i t ,  and i s  suggested f o r  f u r t h e r  

l a b o r a t o r y  s tudy  o r  f o r  p o s s i b l e  t e s t i n g  i n  t h e  ORNL ANS Cor ros ion  Test 

Loop r e c e n t l y  c o n s t r u c t e d  and i n  opera t ion .  The f i n d i n g s  and conc lu -  

s i o n s  a r e  g i v e n  below. 

EXPERIMENTAL PROCEUURES 

Reynolds Aluminum Co. heavy du ty  aluminum f o i l  No. 665 was used 

(Tab le  1). The f o i l  t h i c k n e s s  was 0.10 mm, one s i d e  was s h i n y - b r i g h t  

and t h e  o t h e r  s i d e  d u l l - b r i g h t .  Samples f o r  t e s t i n g  were washed w i t h  

acetone and a l coho l ,  and then  d r i e d  a t  25°C. For t h e  i n i t i a l  e x p e r i -  

ments a t  temperatures up t o  400"C, t h i n  s e c t i o n s  o f  f o i l  were c u t  i n  

p ieces  approx imate ly  0.6 m wide and 5 mm long. A p i e c e  was i n s e r t e d  

i n t o  a f u s e d - s i l i c a  c a p i l l a r y  t u b e  (1.0 mm I. D., 3.0 mm 0. D. ) con- 

t a i n i n g  a p a r t i c u l a r  water  s o l u t i o n  (Tab le  2). The con ten ts  were sea led  

w i t h i n  t h e  tube, and t h e  tube  ( w i t h  an a t tached  hand le)  i n s e r t e d  i n t o  a 

semi-micro apparatus capable o f  producing temperatures f rom 25" t o  500°C 

as desc r ibed  e a r l i e r  (9). Vigorous m i x i n g  i s  accomplished by an o n - o f f  

v i b r a t o r  a t tached  t o  t h e  handle end, w h i l e  t h e  sample con ten ts  a r e  

observed v i  sua1 l y  th rough  a sho r t - range  telescope. The tube  w i t h  con- 

t e n t s  can be removed q u i c k l y  and coo led  r a p i d l y  t o  25OC f o r  immediate 

examinat ion under a low-power microscope; i t  can t h e n  be re inse r ted .  

T h i s  procedure was done f r e q u e n t l y  d u r i n g  an experiment. 

Only v i s u a l  examinat ion,  w i t h  Comparison t o  t h e  o r i g i n a l  f o i l ,  was 

used f o r  d i f f e r e n t i a t i o n  o f  t h e  r e s u l t s .  I n  these  e x p l o r a t i o n s ,  t h e  

approach taken a l l owed  f a s t ,  q u a l i t a t i v e  conc lus ions  and p r o v i d e d  q u i c k  

d e t e c t i o n s  o f  gross d i f f e r e n c e s  i n  behavior.  As ide f rom observed r a p i d  



d i s s o l u t i o n s  o r  e x t e n s i v e  s o l  i d  fo rmat ions ,  t h e  major  v i s u a l  d i s t i n c -  

t i o n s  were ( a )  no apparent  d i f f e r e n c e  f rom t h e  s h i n y - b r i g h t  appearance 

o f  t h e  o r i g i n a l  aluminum f o i l  ( w i t h  t h e  fine-rnachine-marks o f  t h e  spec i -  

men appear ing t o  be untouched), ( b )  t h e  convers ion  o f  t h e  s h i n y - b r i g h t  

s u r f a c e  t o  a g rey  o r  d u l l - g r e y  appearance, ( c )  appearance of spots, 

e i t h e r  w h i t e  o r  dark, ( d )  appearance o f  w h i t i s h  "scum" on t h e  aluminum 

sur face ,  and ( e )  p i t t i n g  and/or h o l e  fo rmat ion .  The conc lus ion  was made 

t h a t  an untouched appearance i n d i c a t e d  e s s e n t i a l l y  no a t t a c k  (a l t hough  

t h i s  conc lus ion  s t i l l  m igh t  be er roneous)  and t h a t  a change i n  c o l o r  

i n d i c a t e d  b u i l d u p  o f  an aluminum o x i d e  f i l m .  The ques t i on  whether 

b u i l d u p  would c o n t i n u e  w i t h  t i m e  remained unanswered, bu t  a d u l l - g r e y  

s u r f a c e  appeared t o  remain s t a b l e  f o r  t imes  a t  l e a s t  up t o  e i g h t  hours 

a t  t h e  h i g h  temperatures (3O0-40O0C), t h e  e x t e n t  o f  some o f  t h e  runs, i n  

c o n t r a s t  t o  those specimens t h a t  q u i c k l y  formed an aluminum ox ide ,  ge la -  

t i n o u s  so l id .  

Aluminum samples f o r  t h e  obse rva t i ons  made a t  25-90°C (Tab le  3 )  and 

a t  180°C (Tab le  4)  were c u t  t o  approx imate ly  3 mm x 15 mm and sea led  i n  

Pyrex tubes  ( 4  m 1. O., 6 mm 0. D., 60 mrn l e n g t h )  c o n t a i n i n g  a 

des igna ted  aqueous so lu t i on .  A s e t  o f  f i l l e d  tubes  was i n s e r t e d  ver -  

t i c a l l y  i n t o  a p r o t e c t i v e  meta l  vessel  t h a t  was p laced i n  a fu rnace 

thermostat .  The tubes were kept  a t  t h e  p a r t i c u l a r  temperatures f o r  

v a r y i n g  l e n g t h s  o f  t i m e  (Tab les  3 and 4). The vesse ls  were e a s i l y  

removed and t h e  aluminum-netal su r faces  q u i c k l y  examined under a low- 

power microscope as done f o r  t h e  specimens h e l d  and v i b r a t e d  a t  t h e  

h i  g h e r  temper a t  u res. 
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RESULTS 

Experiments a t  25-400°C. Table 2 g i v e s  r e s u l t s  f o r  exper iments a t  

temperatures up t o  400°C. Here we observe t h a t  aluminum specimens h e l d  

a t  h i g h  temperatures i n  c o n t a c t  w i t h  p a r t i c u l a r  s o l u t i o n  a d d i t i v e s  

(examp1 e : HNO3) and concent r a t i o n s  appeared t o  rernai n unchanged a f t e r  

subsequent exposure up t o  110 days a t  25OC, a l though  aluminum h e l d  o n l y  

a t  25°C w i t h  t h e  same s o l u t i o n  a d d i t i v e s  showed c o r r o s i o n  (Tab le  3). 

Small b l i s t e r s  appear on seve ra l  o f  t h e  aluminum specimens i n  some o f  

t h e  s o l u t i o n s ,  i n  p a r t i c u l a r  i n  t h e  presence of t h e  NH4HC03 o r  NH4N03 

a d d i t i v e s  a t  temperatures g r e a t e r  t h a n  200OC. O f  much s u r p r i s e  i s  t h e  

r a p i d  a t t a c k  by NaN03 s o l u t i o n  t o  fo rm aluminum ox ide  gel. 

proceeds q u i c k l y  u n t i l  t h e  su r face  i s  covered by t h e  y e l ,  and then  i t  

The r e a c t i o n  

stops. When HNO3 i s  p resent  a lso ,  t h e  NaN03 does no t  reac t ,  and so 

t h i s  r e a c t i o n  would appear t o  be a f u n c t i o n  o f  an i n i t i a l  amount o f  

o x i d e  formed (when HNO3 i s  absent )  t h a t  r a i s e s  t h e  a l k a l i n i t y  and a l l o w s  

f o r m a t i o n  o f  a sodium a lumina te  gel. L i t h i u m  n i t r a t e  a d d i t i v e  produces 

s i m i  1 a r  behavior. 

Some o f  t hese  runs appear t o  show t h a t  ( a )  p a s s i v a t i o n  by a s h o r t  

t i m e  exposure a t  t h e  h i g h  temperatures can be e f f e c t i v e  f o r  m a i n t a i n i n g  

subsequent p a s s i v i t y  a t  25", ( b )  w i t h  some a d d i t i v e s ,  metal  b l i s t e r s  

fo rm ( o r i g i n a t i n g  f rom gas f o r m a t i o n  beneath t h e  metal  s u r f a c e )  a t  tem- 

p e r a t u r e s  rough ly  above 200"C, and ( c )  p a r t i c u l a r  a d d i t i v e s ,  no t  p a s s i -  

v a t i n y  a t  25"C,  do p a s s i v a t e  a t  t h e  h i g h  temperatures. These 

obse rva t i ons  conf  i rm many o f  those a1 ready seen i n t h e  p r e v i  ous s t u d i  es 

(1 -5 ) ,  bu t  they  a l s o  add i n f o r m a t i o n  on e f f e c t s  o f  e l e c t r o l y t e s  no t  p re -  

v i o u s l y  exp lo red  (NH4HCU3, NH4N03, Mg(N03)2, A1 (N03)3, LiN03, NaN03, and 

NaNil2) and Si02 gel. 
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Exper iments a t  25-90OC. Table 3 shows e x p l o r a t o r y  exper iments made 

a t  tempera tures  f rom 25 t o  90°C over t imes v a r y i n g  f rom one hour t o  f i v e  

days a t  t h e  h i g h e r  temperatures (75-90°C). E l  e c t  r o l y t e  a d d i t i v e s  

e x p l o r e d  f o r  t h e i r  e f f e c t s  were HN03, H3PO4, HC1, NH4HCO3, NH4NO3, 

NaNOZ, My(NO3)2, Al(N03)3, and NH4OH. Al though severa l  of t h e  obser-  

v a t i o n s  a re  w e l l  known and a re  i n c l u d e d  o n l y  f o r  completeness ( i .  e., 

r a p i d  d i s s o l u t i o n  o f  aluminum i n  1 M H C l ) ,  some may be s u r p r i s i n g .  

example, a 0.1 M Al(NO3)3 s o l u t i o n  r a p i d l y  d i s s o l v e s  t h e  aluminum even 

a t  25°C ( h y d r o l y s i s  o f  Al(NO3)3 produces MNO3). 

t i o n  o f  0.0033 M HN03 ( P H  = 2.5), a l l  o t h e r  concen t ra t i ons  o f  MNO3 

s tud ied ,  bo th  h i g h e r  and lower ,  cor roded t h e  aluminurn. A 0.01 M H3PO4 

appeared t o  p a s s i v a t e  t h e  aluminum sur face;  y e t  0.00011 M, 0.1 M and 1.0 

M H3P04 yave a b r o n z e - l i k e  co lo r ,  a d u l l  sur face ,  and complete d i s s o l u -  

F o r  

W i t h  t h e  p o s s i b l e  excey- 

t i o n ,  r e s p e c t i v e l y .  fVH4NO3 a d d i t i v e  f o r  t h e  seve ra l  concen t ra t i ons  

s t u d i e d  (0.01-4 M)  cor roded t h e  aluminum, as d i d  a modera te ly  con- 

c e n t r a t e d  NH,qOH s o l u t i o n .  A 1.0 M NH4HC03 appeared t o  be t h e  bes t  f o r  

p r o t e c t i n g  t h e  s u r f a c e  of t h e  aluminum specimen. 

The conc lus ions  f rom t h i s  f i r s t  s e r i e s  of runs were t h a t  a low con- 

c e n t r a t i o n  ( n o t  g r e a t e r  t han  0.01 M)  H3PO4 s o l u t i o n  and a modera te ly  

concen t ra ted  (1 M) NH4HC03 s o l u t i o n  were t h e  o n l y  ones t h a t  o f f e r e d  some 

c o u l d  a l s o  be i n  t h e  ranye o f  25°C some- 

system. I n  t h e  e a r l i e r  s e r i e s  o f  runs 

p r o t e c t i o n  when t h e  tempera ture  

t i m e  d u r i n g  t h e  l i f e t i m e  o f  t h e  

(Tab le  2 ) ,  however, t h e r e  i s  ev 

system a t  a h i g h e r  tempera ture  

p a s s i v a t i o n  p r o t e c t i o n  a t  25°C. 

dence t h a t  i n i t i a l l y  m a i n t a i n i n g  t h e  

e.g., 150-200°C) m igh t  o f f e r  l a t e r  
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Experiments a t  180°C. R e s u l t s  f o r  exposures a t  180°C a r e  g i v e n  i n  

Table 4. These runs were made a f t e r  t h e  exper iments r e p o r t e d  i n  Tables 

2 and 3, and they  rep resen t  t h o s e  a d d i t i v e s  t h a t  would appear t o  be bes t  

s t u d i e d  i n  d e t a i l .  From t h e s e  exper iments a t  180°C, we might  choose 

which a d d i t i v e  and c o n d i t i o n s  t o  suggest f o r  f u r t h e r  s tudy  i n  t h e  ANS 

Cor ros ion  Test Loop. Tab e 4 shows t h a t  t h e  bes t  a d d i t i v e  o f  t hose  

e x p l o r e d  appeared t o  be a 1.0 M NH4HC03 s o l u t i o n ,  an a l k a l i n e  s o l u t i o n  

w i t h  a pH o f  9.2. 

HN03, migh t  be good a lso ,  bu t  as Table 4 i n d i c a t e s  t h e y  d i d  n o t  appear 

t o  equal t h a t  o f  t h e  NH4HC03 s o l u t i o n ,  

The ac d i c  s o l u t i o n s ,  0.001 M H3P04 and 0.0033 M 

CO fJ C L US I 0 N S 

O f  t h e  a d d i t i v e s  explored, a 1 M NH4HCO3 s o l u t i o n  appears t o  be t h e  

bes t  f o r  keeping aluminum c l o s e l y  t o  i t s  o r i g i n a l  c o n d i t i o n  a t  tem- 

p e r a t u r e s  up t o  180°C f o r  t imes  u p  t o  5.5 days ( t h e  e x t e n t  o f  t h e  pre-  

sen t  e x p l o r a t o r y  runs )  and c e r t a i n l y  longer.  A 0.001 M H3P04 and 0.0033 

M HNO3 a r e  a l s o  b e l i e v e d  t o  be l i k e l y  cand ida tes  f o r  m a i n t a i n i n g  p a s s i -  

v i t y  o f  aluminum a t  25-180°C and even t o  h i g h e r  temperatures. But 

s t i l l ,  w i t h  0.001 M H3P04 some c o r r o s i o n  o f  aluminum was observed 

v i s u a l l y  ( a f t e r  a 180°C exper iment,  w i t h  no observable e f f e c t )  a f t e r  

38 days a t  25°C (Tab le  4). Yet aluminum i n  c o n t a c t  w i t h  t h e  1 M 

NH41iC03 s o l u t i o n  w i t h  s i m i l a r  t rea tmen t  (38  days, 25"C, a f t e r  5.5 days 

a t  180°C) showed no change froir i  t h e  o r i g i n a l  appearance. A l though t h e  

b u l k  ( o u t l e t )  ter i iperature o f  ANS c o o l a n t  water  w i l l  be near 88"C, these  

exp l  o r a t i o n s  were des i  yned f o r  sea rch i  ng ou t  a coo l  a n t  addi t i ve t h a t  

Mould a l l o w  aluminum p a s s i v i t y  a t  h i g h e r  teinperatures. A t  t h e  c o o l a n t -  

meta l  i n t e r f a c e ,  one expects  t o  observe h i g h e r  metal  temperatures,  
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perhaps 15O-2UO0C, w i t h  a consequent tempera ture  d i s c o n t i n u i t y  between 

meta l  and coolant .  Any d i scove ry  o f  p a s s i v i t y  a t  t h e  h i g h e r  tem- 

p e r a t u r e s  p o s s i b l y  migh t  be expected t o  f a v o r  a l s o  g r e a t e r  p a s s i v i t y  a t  

8 8 O C .  However, these and p rev ious  obse rva t i ons  of g r e a t e r  pass i  v i  t y  a t  

h i g h e r  tempera tures  f o r  p a r t i c u l a r  a d d i t i v e s  ( f o r  example, some 

dependi ng upon a c i d i t y  ) m igh t  vo i  d t h i  s supposi t i on. 

There a re  o t h e r  cons ide ra t i ons ,  however, and these  i n c l u d e  ( a )  

neut  r o n - r a d i  a t  i on compat i b i  1 i ty, (b )  coo l  an t  f l o w  of about 30 

meters/second expected f o r  t h e  ANS, and ( c )  tempera ture  g r a d i e n t s  w i t h i n  

t h e  alum nulri c ladding.  N i t r i c  a c i d  does not seem t o  be as good an i n h i -  

b i t o r  as H3P04. 

H3P04 i n  t h a t  n i t r a t e  i o n  predominant ly  forms very  s o l u b l e  s a l t s ,  i n  

con t  r a s t  t o  anal ogous phosphate s a l t s  o f  low sol u b i  1 i t y  t h a t  upon p r e c i  - 
p i t a t i n n  co i i l d  cause d i f f i c u l t i e s  f o r  a c i d i t y  c o n t r o l .  Th is  was p o i n t e d  

o u t  by Griess, e t  a l . (3 ,  paye 42). I n  a d d i t i o n  t o  unwanted ( r e a c t o r  

produced) r a d i o a c t i v i t i e s  f rom phosphorous (3) ,  t h e  low s o l u b i l i t y  o f  

phosphate s a l t s  was thus  one reason HN03 a d d i t i v e  was chosen over  H3PO4 

However, HNO3 possesses one p r o p e r t y  more f a v o r a b l e  than  

f o r  use i n  t h e  H F I K  t o  p r o v i d e  a pH of about 5. 

Froin these  e x p l o r a t i o n s ,  we cou ld  t e n t a t i v e l y  suggest c o r r o s i o n -  

t e s t i n g  i n  t h e  AlVS Cor ros ion  Test Loop w i t h  NH4HC03 

under t h e  expected c o n d i t i o n s  o f  AWS o p e r a t i o n  ( o t h e r  than  neut ron  

s o l u t i o n s  o f  1.0 M 

f l u x ) .  However, such a l a r g e  c o n c e n t r a t i o n  o f  added e l e c t r o l y t e  migh t  

v o i d  i t s  p r a c t i c a l  f e a s i b i l i t y  f o r  ANS opera t ion .  For example, t h e r e  

would be problems m a i n t a i n i n g  water  p u r i t y  ( o t h e r  substances)  by i o n -  

exchange res ins.  Water w i t h  a pH i n  t h e  range of 5 ( a d j u s t e d  w i t h  HNO3) 

w i l l  c e r t a i n l y  be t e s t e d  ex tens i ve l y .  The above e x p l o r a t i o n s  on aluminum 
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i n d i c a t e  t h a t  a t  h i g h e r  temperatures perhaps h i g h e r  a c i d i t i e s  ( l o w e r  pH) 

m igh t  be b e n e f i c i a l  f o r  aluminum p a s s i v a t i o n ;  never the less,  h i g h  a c i d i t y  

suggests spec i  a1 caut ion .  

It i s  w e l l  known t h a t  conc lus ions  f rom c o r r o s i o n  s t u d i e s  may be 

ambiguous e s p e c i a l l y  f rom e x p l o r a t i o n s  o f  t h i s  type. Nevertheless,  t h e  

a p p a r e n t l y  f a v o r a b l e  r e s u l t s  w i t h  NH4HCO3 s o l u t i o n s  do i n d i c a t e  t h a t  

t h e y  m igh t  be considered f u r t h e r  f o r  o t h e r  c o o l a n t  systems i f  no t  f o r  

t h e  ANS. 

These e x p l o r a t i o n s  do n o t  o f f e r  q u a n t i t a t i v e  e v a l u a t i o n s  ( o t h e r  t h a n  

rud i i nen ta ry )  f o r  some o f  t h e  observed behaviors. I f  s t u d i e s  a re  con- 

t i n u e d ,  c o n s i d e r a b l e  t i m e  must be i n v e s t e d  t o  f i n d  new, more r e l i a b l e  

methods f o r  e v a l u a t i o n s  on more fundamental bases. 
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TABLE 1. Ana lys i s  o f  Reynolds Aluminum Co. Heavy-Duty Aluminum F o i l  

No. 665 Used i n  a l l  Experiments. a 

E 1 einent 

A1 umi num 

I r o n  

S i l i c o n  

Copper 

Manganese 

Maynes i um 

Z i n c  

T i t a n i  um 

Lead 

L i t h i u m  

Cadmi uin 

Arsen ic  

A l l  Others 

Percent  

98.6 m i  n i  muin 

0.55-. 75 

0.45-. 65  

0.05 maximum 

0.03 maxi mum 

0.02 maximum 

0.03 maximum 

0.06 maximum 

0.009 maximum 

0.003 maximum 

0.009 maximum 

0.009 maximum 

0.15 maximum 

a From James Mar t in ,  The Reynolds Aluminum Co. Technology 
Center, Richmond, V i r g i n i a ,  (804)743-6623, June 6, 1987. 
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Tab le  2. E f f e c t  o f  Aqueous S o l u t i o n  A d d i t i v e s  on Cor ros ion -Pass iva t i on  

Behav io r  of Aluminum Foil+,  25-400°C (6  t a b l e  pages). 

Ex p e r  i ment Temp. Aqueous Approximate Observat ions 
S o l u t i o n  Time on Aluminum 

(Hours, Non- Specimen 
No. ("a 

Cumul a t  i ve) 

3 2-4 -46 

33-4-93 

33-4-30 

33-4-31 

33-4-32 

33-4-34 

33-4-47 

33-4-44 

300-350°C H20 8 

25°C 1700 

23Oo-35O0C 3 Wt. % HZOZ 1.5 

25°C 1700 

220-400°C M HNO3 0.35 
25°C 1700 

Z~.;O-~~IOOC M H N O ~  0.35 

25°C 1700 

26o-wooc M H M O ~  0.25 
25°C 1700 

343-400OC 0.0018 M HNO3 0.25 

25OC 1700 

260-400°C 0.0033 M HNO3 8 

25°C 1700 

400 "C 0.01 M HNO3 2 

71-350°C 0.01 M HNO3 6 

I n i t i a l l y  a few gas 
bubbles, t hen  none; 
g rey  metal f i n i s h ;  
b l  i s t e r s  on b o t h  
s i  des i n d i  cat, i ng 
cor ros ion .  
NFC* 

D u l l  sur face ,  
i nd i  c a t  i ng c o r r o s i  on. 
MFC* 

D u l l  -grey surface. 
NFC* 

I n i t i a l l y  much gas 
bubb l i ng ;  d u l l - g r e y  
s u r f a c e  i n  less than  
0.05 hour. 
MF C* 

D u l l  -grey s u r f  ace. 
NFC* 

Some i n i t i a l  gas 
bubbl i ny, then  none; 
d u l  l - g r e y  s u r f a c e  on 
about 90% o f  metal.  
MFC* 

Sample unchanged; 
s h i ny- b r  i g h t  su rf ace. 
NFC* 

No apparent reac t i on .  

No apparent reac t i on .  



Tab le  2 (Cont inued),  page 2 o f  6. 

Exper iment Temp. Aqueous Approximate Observat ions 
NO. ( " C )  Sol u t i  on Time on Aluminum 

(Hours, Non- Specimen 
cumu la t i ve )  

32-133-17 330400°C 0.01 M HNO3 2 No d e t e c t a b l e  change; 
1 i ke  o r i g i  na l  a1 umi niim; 
s h i ny-br i g h t  s u r f  ace. 

25°C 2700 NFC" 

32-133-12 173-350°C 0.01 M HNO3 0.1 P e r f e c t l y  s h i  n y - h r i  gh t  ; 
25°C 1200 Smooth ho les  have 

developed ( c o r r o s i o n ) .  

32- 133- 13 167-350°C 0.10 M HNO3 0.3 Slow gas b u b b l i n g  a t  167°C; 
b u b b l i n g  s tops  a t  200°C; 
some b u b b l i n g  a t  an edge o f  
meta l  a t  25OOC; g e l a t i n o u s  
b u i l d u p  a t  305°C; patchy 
c o r r o s i o n  bu t  s t i l l  sh iny  
p a r t s ;  g e l  conve r t s  t o  
compacted fo rm a t  328-350°C; 
no bubbl i n g  a t  300-350°C; 
b u t  bubbles below 300°C; 
appears t o  he pass i  v a t i  ng 
a t  300-350°C. 

( c o r  r o s  i on). 
25OC 1440 Many ho les  a r e  observed 

32-133-14 325-350°C (1.10 M HNO3 1.0 I n i t i a l  bubb l ing ,  t h e n  s tops  
q u i c k l y .  Some g e l a t i n o u s  
(Al203)  b u i l d u p  ?; meta l  i s  
s h i n y - b r i g h t ,  b u t  i t  appears 
t o  have d i  s s o l  ved somewhat 
because machi ne 1 i nes appear 
t o  be no t  so sharp (?). 

25°C 1440 Many ho les  a r e  observed 
( c o r r o s i o n ) .  

3 '2-133- 16 145-305°C 0.10 M HNO3 1.2 Much b u b b l i n g  i n  c y c l i n g  
sample f rom 275 t o  305°C; 
meta l  50% d i s s o l v e d  t o  
form alurni na ge l  ; s t i l l  
some smooth s h i n y - b r i g h t  
p o r t i o n s .  

1440 NFC* 25°C 
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Tab le  2 (Cont inued) ,  page 3 o f  6. 

Exper i  rnent Temp. Aqueous Approximate Observa t ions  
( " C )  S o l u t i o n  Time on Aluminum 

Cumul a t  i ve)  

No. 
(Hours, Non- Specimen 

32-133-15 325-350°C 1.0 M HN03 

32-133-6 170°C 1,O M HNO3 

32-133-5 230 " C 1.0 M HNO3 

33-4-48 25-350°C 0.010 M HC1 

32-133-19 

32- 133-20 

33-4-24 

33-4-92 

33-4-38 

350-40OOC 0.005 M HC1 
t 0.005 M HNO3 

25°C 

357°C 0.05 M HC1 

25°C 
+ 0.05 M HN03 

347-350°C 0.10 M H2SO4 

0.2 

0.5 

0.5 

3 

11. 5 

1440 

0.05 

1440 

1.5 

0.25 

2.4 

240 

Vigorous buhbl i ng as Temp, 
r i s e s ;  s tops  when s o l u t i o n -  
vapar t u r n s  ye1 1 ow-brown 
(NzO4) ; b u t  now most of 
f o i  1 has d i  ssol ved; abundant 
A1203 w h i t e  gel has formed; 
About 20% o f  meta l  remain ing  
a f t e r  run. 

Fast. r e a c t i o n  

Fast  r e a c t  i on 

90% conver ted  t o  A1203 
g e l  ( remainder  appears t o  
be 1 i k e  o r i  g i  na l  a1 umi num). 

S l i g h t  bubb l i ng  then  s tops ;  
b u b b l i n g  s t a r t s  v i g o r o u s l y  
a t  2 spots ;  g e l  bu i l dup ;  
o t h e r  p a r t s  d u l l  -shiny. 
A h o l e  has formed. 
( c o r  r o s  i on ). 

V igorous bubbl i ng a t  seve ra l  
spo ts ;  much ye1 bui ldup.  
E x t e n s i v e l y  corroded;  
many holes. 

Ex tens i ve  r e a c t i o n ;  ge l  
bu i ldup.  

Immediate few bubbles, then 
s top ;  1 i g h t  bronze; 
c o r r o s i o n  evidenced by 
b l  i s t  e r  format ion.  

No apparent reac t i on .  

Bronze-br i  y h t  s u r f  ace. 
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Tab le  2 (Cont inued) ,  page 4 o f  6. 

Experiment Temp. Aqueous Approximate Observat ions 
No. ("C) S o l u t i o n  Time on Aluminum 

(Hours, Non- Specimen 
Cumul a t i  ve)  

33-4-27 

33-4-28 

33 -4-80 

33-4-85 

33-4-86 

33-4-74 

33 - 4-6 7b 

3 3 - 4- 70 

360-400°C 

25OC 

360-400 "C 

25OC 

70 -374 " C 

200-3 10 "C 

200 "C 

250°C 

330-400°C 

200 -400 " C 
75OC 

240-400 "C 

9ooc 

1.0 M ti3POd 

0.10 M NH4HC03 

1 -0  M NH4HCO3 

1.0 M NH4HC03 

0.01 M NHqN03 

0.10 M NH4N03 

1.0 M NH4N03 

0.2 

7 20 

0.2 

7 20 

1 

2 

0.6 

0.2 

4.5 

1.5 
16 

2 

16 

No apparent r e a c t i o n ;  
s h i ny- b r i g h t as o r  i g i n a 1 
a1 umi num f o i  1. 
Meta l  has b rnnze -du l l  
su r face ;  no holes. 

No apparent r e a c t i o n ;  
m ic roscop ic  examinat ion:  
much apparent r e a c t i o n  
b u t  no aluminum o x i d e  gel ; 
perhaps gel  d i s s o l v e d  ? 
Much ge l  ; no holes. 

Wh i te  ge l  f o rma t ion  and 
some dark and w h i t e  spots. 
cor ros ion .  

B1 i s t e r s  on sh i  n y - b r i g h t  
su r face ;  i n t e r n a l  
cor ros ion .  

S t i l l  s h i n y - b r i g h t ;  
no apparent cor ros ion .  
D u l l  appearance develops; 
apparent cor ros ion .  

Sinal 1 b l  i s t e r s  th roughout  
s h i n y - b r i g h t  sur face ,  
i nd i  c a t  i ng c o r  ros  i on. 

Ap pea r s un c h an g ed. 
NFC" 

Gas bubb l ing ;  then stops. 
a1 umi num sh i  n y - b r i  gh t  ; 
no gel  format ion.  
S h i n y - b r i g h t  s u r f a c e  
covered by c o r r o s i o n  ho l  es. 
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Tab le  2 (Cont inued) ,  page 5 o f  6. 

Ex pe r  i inen t Temp, Aqueous Approximate Observa t ions  
No, ("C) S o l u t i o n  Time an Aluminum 

(Hours, Non- Specimen 
Cumul a t  i ve) 

33-4-71 333-4OUOC 4.0 M NH4N03 2 I n i  t i  a1 bubbl i ng then  stops, 
ye1 1 ow c o l  o red  1 i q u i  d-vapor 
i n d i c a t i n g  N2O4 gas; No 
apparent  cor ros ion .  

w i t h  c o r r o s i o n  holes. 
911 O c 16 S h i n y - b r i g h t  s u r f a c e  covered 

33-4-43 347-400°C 0.10 M Na2S04 0.35 No d e t e c t a b l e  c o r r o s i o n ;  
s t i l l  s h i n y - b r i  h t .  

g e l ,  95%. 5% remain ing  i s  
s h i  ny -b r igh t .  

170-37 1 "C 4 Meta l  i s  conver fed  t o  A1203 

33-4-72 1 1 5 - 2 7 4 O C  1.0 14 LiNO3 0.75 Rapid gas b u b b l i n g ;  50 % 
d i s s o l v e d  (LiAlCD3, A1 (OH)3 
g e l s ? )  

33-4-25 35!I0C 0.10 M NaN03 0-05 

32-133-21 356°C 1.0 M NaN03 0.2 

33-4-37 260-4UU"C 0.010 M HN03 4 
t 0.10 M NaNO3 

25°C 7 20 

32-133-8 280°C 1.0 M NaCl 1.5 

25°C 1440 

33-4-22 213-39OOC 1.0 M NaCl 0.5 

25OC 1440 

Ex tens i ve  r e a c t i o n ;  f o i l  
spl i t s  ; gel  b u i  1 dup. 

Rapid r e a c t i o n ;  r e a c t i o n  
s t o p s ;  on examinat ion :  
e x t e n s i v e  g e l  f o r m a t i o n  on 
s u r f a c e  u n t i  1 f r e e  metal 
can no l o n g e r  be reached, 
so r e a c t i o n  stops, 

No d e t e c t a b l e  change; meta l  
remains sh iny -b r igh t .  
NFC" 

I n i t i a l l y  a few gas 
bubbles form, t hen  s t o p ;  
d u l l  -grey surface. 
Large h o l e  covered w i t h  
apparent  A1 203 gel. 

Du 1 1 -grey s u r f  ace bu t  some 
apparent  A1203 gel .  
Hole has developed 
(co r ros ion ) .  
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Tab le  2 (Cont inued),  page 6 o f  6. 

Ex p e r  i men t 'Temp. Aqueous Approxi  mate Observat ions 
No. ( " 0  S o l u t i o n  Time on Aluminum 

(Hours, Non- Specimen 
Cumulat ive)  

33-4-23 

33-4-73 

33-4-51 

32-133-10 

33-4-45 
(Ori 3. 
3 2- 13 3 - 10 ) 

32-133-1 1 

280-400°C 5.0 mo la l  NaCl 0.9 

25°C 1400 

275-400°C 1.0 M My(NO3)z 0.3 

25-222°C 0.010 M NaOH 0.5 

130-350°C S i  1 i c a  Gel 1 
+ H20 

25°C 1440 

245-340°C S i  1 i ca  ge l  2 
+H?O 

170°C S i 1  i c a  Gel 
+ 1 M HNO3 0.1 

I n i  t i  a1 b u b b l i n g  t h e n  s tops ;  
no apparent change; under 
microscope, s t i  1 1  shiny. 

Two ho l  es have devel  oped. 

S1 ow r e a c t  i on. Met a1 becomes 
g r e a t l y  d u l l e d ,  bo th  sides. 

Many (expected bu b b l  es 
o f  hydrogen. Rapid reac t i on .  

S h i n y - b r i g h t  su r face ;  
machine marks ( i n i t i a l l y  
v i  sua1 l y  unchanged) ; 
no observed cor ros ion .  

Cor ros ion  holes. 

Holes o r i g i n a l l y  developed 
a f t e r  f i r s t  run  (and t i m e  
a t  25°C) have en1 arged. 

Rapid r e a c t i o n  t o  fo rm 
H2 and A1203 gel.  

+ Aluminum a n a l y s i s  i n  Table 1. 

* IJFC = - -  No f u r t h e r  (observed) - change f rom p r e v i o u s  observat ion.  
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TABLE 3. E f f e c t  o f  Aqueous S o l u t i o n  A d d i t i v e s  on Cor ros ion -Pass iva t i on  
Behav io r  of Aluminum' a t  25-91)"C (3  t a b l e  pages). 

Experiment Temp. Aqueous Approx. Observa t ions  
No. ( " C )  S o l u t i o n  Time o f  A I  umi num 

(Hours, Specimen 
Mon-cumul a t i  ve) 

33-4-69 

33-4-66 

3 3 - 4 - 6 5 

33-4-64 

33-4-63 

33-4-62 

33-4-61 

33-4-35 

33-4-60 

75" -90°C 

25°C 

25°C 
7 5 O -90 " C  
75'-90 "C 

25°C 
75 O -90 " C 

75"-90 "C 

25°C 
75"-90 "C 

7 5 " -90 "C 

25°C 

75 " -90 "C 
75 "-90 "C 
25°C 

25°C 
7 5 "-90 " C  
7 5 "-90 "C 

25°C 
75 " -90 "C 
75 " -90 " C  

25°C 
25°C 

25°C 
7 ti " -90 "C 

7 5 " -90 "C 

24 

96 
1600 

0.0001 M HNO3 24 
24 
96 

0.00033 M HNO3 24 
24 

96 

0.001 M HNO3 24 
24 

96 

0.0033 M HN33 24 

0.01 M HN03 

0.033 M HN03 

0.10 14 HN03 

0.10 M HNO3 

24 
96 

1608 

24 
24 
96 

24 
24 
96 

1 7  
7 20 

24 
24 

96 

Dark and w h i t i s h  
spots ;  su r face  d u l l  grey. 
I\IFC* 
Some holes. 

V i sua l  l y  pe r fec t .  
W h i t i s h - g r e y  and dark spots. 
NFC* 

V i  sua1 l y  per fect ,  
Apparent c o r r o s i o n ;  dark 
Spot S. 
NF C* 

Cloudy r ing .  
Cor ros ion ;  dark spots ;  
A1203 gel, 
NFC" 

Y i s u a l l y  p e r f e c t ;  
no cor ros ion ,  
NFC" 
NFC* 
Some dark spots. 

S1 i g h t l y  d u l l  sur face.  
Small ho les ;  cor ros ion .  
A d d i t i o n a l  holes. 

Corrosion. 
Ex tens i ve  c o r r o s i o n ;  holes. 
NFC* 

I h l 1  surface. 
Mos t l y  d isso lved.  

D u l l  appearance. 
70% d isso lved ;  r e s t  shiny- 
b r i g h t  as o r i g i n a l .  
M o s t l y  d i  ssol ved. 



Tab le  3 (Cont inued) ,  page '2 o f  3. 

Exper i  ment Temp. Aqueous Ap prox. Observat ions 
No. ( " C )  S o l u t i o n  T i  me o f  A1 umi num 

(Hours, Specimen 
Non-cumulat ive)  

33-4-36 

33-4-89 

33-4-88 

33 -4- 90 

33-4-91 

32- 133-9 

32-133-2 

33-4-87 

33-4-78 

33-4-77b 

33-4-77a 

33-4-82 

33-4-81 

25OC 

80°C 

80°C 
25°C 

80°C 
25°C 

80°C 

100 "C 

25 "C 

80 "C 

80°C 

80 O C  

25OC 

80OC 

25OC 

80 "C 

8 0 O C  

1 M HNO3 

0.0001 M H3P04 

0.01 M H3P04 

0.10 M H3P04 

1.0 M H3PO4 

0.10 M HC1 

1 M HC1 

0.0001 M NH4HC03 

72 

14 

14 
1600 

14 
1600 

14 

12 

2 

96 

0.01 M NH4HC03 24 
120 

0.10 M NH4HC03 24 

120 
1600 

1 M NH4HC03 24 

1820 

0.001 M NH4N03 22 

0.01 M NH4N03 2 

22 

A1 umi num d isso lved.  

Bronze-1 i ke co lo r .  

Appears untouched. 
D u l l  bronze; cor ros ion .  

D u l l  bronze. 
NFC* 

A1 umi num d i  ssol ves. 

React ion  occurs. 

D i  sso l  ves r a p i d l y  

Cor ros ion ;  dark spots. 

D u l l  f i n i s h ;  bronze co lo r .  
NFC* 

D u l l  f i n i s h ;  some bronze 
co lo r .  
NFC* 
NFC* 

Sh iny -b r igh t ,  j u s t  l i k e  
o r i g i n a l  ; apparen t l y  no 
c o r r o s i o n ;  a c i d i t y :  pH 9.2. 
NFC* 

Corros ion ;  bronze f i n i s h  
on p a r t s  o f  aluminum. 

Most sh i  n y - b r i  gh t  ; some 
dark  areas. 
B r o n z e - l i k e  appearance 
i n some areas ; cor ros ion .  
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Tab le  3 (Cont inued) ,  page 3 o f  3 pages. 

Experiment Temp. Aqueous App rox. Observa t ions  
Number ("C) Sol u t i  on Time on Aluminum 

(Hours, Specimen 
Non-cumul a t  i ve) 

33-4-67 75"-90"C 0.10 p1 NH4NO3 24 some dark spots. 

33-4-84 80°C 0.01 M NH4HC03 14 Corrosion. 

33-4-75 80 "C 1.0 M NaN02 1 Corros ion.  

33-4-83 80°C 1 M M g ( N 0 3 ) ~  24 Cor r o s i  on ; ho l  e th rough  

-+ 0.01 lul NH4NO3 

a1 umi num. 

33-4-68 25°C 0.10 Al(NO3)3 24 A1 umi num dissolved.  

33-4-76 80°C Mod. Conc. NH4OH 24 Corros ion;  d u l l  appearance. 

Aluminum a n a l y s i s  i n  Tab le  1. 

* NFC = - -  No f u r t h e r  (observed)  - change f rom p rev ious  observat ion.  
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Tab le  4. E f f e c t  o f  Aqueous S o l u t i o n  A d d i t i v e s  on Cor ros ion -Pass iva t i on  
Behav io r  o f  Aluminum F o i l  a t  180°C ( 2  t a b l e  pages). 

Experiment Sol u t i  on Observat ions o f  aluminum specimens 
NO. Addi t i  ve ( t i m e  i n  hours, and tempera ture)  

33-55-18 

33-55-1 

33-55-2 

33-55-3 

33-55-4 

33-55-5 

33-55-6 

33-55-7 

33-55-8 

33-55-9 

33 - 55 - 10 

33-55-11 

33-55-12 

H20 

10-5 M 

l o e 2  M H3P04 

0.10 M H3PO4 

1.0 M H3PO4 

10-5 M H N O ~  

10-4 M H N O ~  

10-3 M H N O ~  

0.0033 M HNO3 

0.01 M HNO3 

0.10 M HNO3 

(60,180OC) D u l l  sur face  of 
o r i g i n a l  s h i n y - b r i g h t .  

(60, 180°C) Bronze c o l o r ;  
some dark spots; 
sh iny  s i d e  d u l l .  

(60,180"C) Bronze co lo r .  

(60,180OC) P e r f e c t  appearance 
f r o m  o r i  s i  nal.  

no ch 

(900,25"c) b lh i te ,  adher ing  t h i n  s o l i d ;  many 
dark  spots. 

(60,180"C) Almost p e r f e c t ;  
some w h i t i s h  r ings .  

(60,180"C) D u l l  appearance; 
dark  spots. 

(60,180"C) Aluminum d isso lved ;  

(60,180"C) Some w h i t i s h  
s o l i d  on sh iny  
s i  de. 

(60,180 "C) D u l l  , wh i t i s h 
s o l i d  on 
s u r f  ace. 

(60,180°C)Dull, w h i t i s h  
s o l i d ,  i n d i c a t i n g  
a t tack .  

(60,180"C) Much b e t t e r  than 
33-55-8 and 33-55-9 specimens, 
b u t  s t i l l  some 
w h i t i s h  so l i d .  

(60,180"C) Much c o r r o s i o n ;  
One l a r g e  hole. 

(60,180"C) A1 umi num n e a r l y  d i  sso l  ved; 
covered w i t h  ho l  es 
and w h i t e  oxide. 
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Tab le  4 (Cont inued) ,  page 2 o f  2. 

Experiment S o l u t i o n  Observa t ions  o f  A1 umi nurn Specimens 
No. Addi t i  ve (Time i n  hours, and tempera ture)  

33-55-13 

33- 5 5- 14 

33-55-15 

33-55-16 

33-55- 17 

33-55-19 

33- 5 5 - 20 

33-55- 2 1 

33-55-22 

33- 55 - 23 

33-55-24 

33-55-25 

0.01 M NH4HC03 (6O,18O0C) Bronze c o l o r ;  g e l a t i n o u s  
p a r t i c l e s  on t u b e  w a l l s ;  
d u l l ,  i n d i c a t i n g  cor ros ion .  

0.10 M NH4HCO3 (60) S t i l l  s h i n y - b r i g h t ,  b u t  some 
w h i t i s h  substance on d u l l  
side. 

1.0 M NH4HC03 (130,180"C) P e r f e c t ;  no change from o r i g i n a l .  
(900,25"C) P e r f e c t ;  no change f rom o r i g i n a l .  

0.01 M HC1 (60,180"C) M i l k y - w h i t e  suspension; 
most o f  a1 urni num d i  ssol ved; 
s t i l l  some s h i n y - b r i g h t  
f ragments l e f t .  

0.01 M H2S84 (60,180"C) M i l  k y - w h i t e  suspension; 
bronze c o l o r e d  A l ;  no 
p i t t i n g ;  l o t s  o f  w h E e  
sol id. 

0.001 M H3PO4 (36,180OC) Much p i t t i n g ;  5 smal l  

s o l i d ;  most  o f  meta l  l ooks  
p e r f e c t :  s h i  ny -b r igh t .  

+O. 001 M NaCl h o l  es surrounded by ge l  a t  i nous 

0.001 M H3PO4 (36,180"C) One l a r g e  h o l e  and 

th rough;  r e s t  o f  metal 
1 ooks pe r fec t .  

+0.01 M NaCl one smal l  ho le,  cor roded 

1.0 M NH4HC03 (36,180"C) Meta l  l ooks  p e r f e c t ,  
+0.001 M NaCl b u t  bronze t i n g e .  

1.0 M NH4HC03 (20,180OC) Meta l  l o o k s  p e r f e c t ,  
+0.01 M NaCl b u t  bronze t inge ,  

0.001 M NaCl (36,180OC) D u l l ;  cor ros ion .  

0.01 M NaCl (36,180"C) D u l l  ; cor ros ion .  

0.001 KH2PO4 (20,180"C) P e r f e c t ;  l i k e  o r i g i n a l .  
(900,25"C) W h i t i s h  s o l i d ;  many spots. 
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