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CORKOSION OF MATERIALS I N  ABSORPTION HEATING 
AND REFRIGEKATION FLUIDS 

J. C .  Griess, J. H. DeVan, and H. Perez Blanco 

ABSTRACT 

The c o r r o s i o n  of metals and a l l o y s  i n  abso rp t ion  r e f r i g -  
e r a t l o n  f l u i d s  has  rece ived  l i t t l e  a t t e n t i o n  except for  the  
behavior  of steel and copper a l l o y s  i n  aqueous l i t h i u m  bromide 
s o l u t i o n s .  This  r e p o r t  p r e s e n t s  r e s u l t s  of short- term C O K K O -  
s i o n  tests on s e v e r a l  materials i n  l i t h i u m  bromide s o l u t i o n s  
as w e l l  as i n  o t h e r  f l u i d s  of p o t e n t i a l  i n t e r e s t  i n  advanced 
a b s o r p t i o n  machines. A l l  materials t e s t e d  had extremely high 
r e s i s t a n c e  t o  o rgan ic  f l u i d s ,  bu t  i n  the  aqueous systems some 
of t h e  materials underwent l o c a l i z e d  a t t a c k .  Type 304 
s t a i n l e s s  s t e e l  had accep tab le  c o r r o s i o n  r e s i s t a n c e  .In most 
environments ,  bu t  i t  underwent stress c o r r o s i o n  c racking  i n  
oxygen- o r  chromate-containing l i t h i u m  bromide and even i n  t h e  
u n s t r e s s e d  c o n d i t i o n  w a s  s u b j e c t  t o  i n t e r g r a n u l a r  a t t a c k  i n  
h o t  concen t r a t ed  c a u s t i c  s o l u t i o n s .  

INTRODUCTION 

Absorpt ion r e E r i g e r a t i o n  and h e a t i n g  systems i n  use  today are 

based on t h e  l l t h i u m  bromide-water and t h e  w a t e r m m o n i a  cyc le s .  

Advanced a b s o r p t i o n  technology i s  being developed i n  many c o u n t r i e s ,  

w i t h  t h e  e f f o r t s  p r i m a r i l y  focused on new c y c l e s 2  and new f l u i d s 3  i n  t h e  

hope of improving t h e  e f f i c i e n c y  of such machines. The Energy Div i s ion  

of Oak Ridge Na t iona l  Laboratory (ORNL) i s  one of t h e  o r g a n i z a t i o n s  con- 

d u c t i n g  r e sea rch  i n  advanced a b s o r p t i o n  c y c l e s  and has p lans  €or  a test  

f a c i l i t y  where a wide range of new f l u i d s  and new hea t  exchangers can be 

t e s t e d .  Tn a d d i t i o n ,  t h e o r e t i c a l  s o l u t i o n s  t o  t h e  t r a n s p o r t  equa t ions  

w i l l  be i n v e s t i g a t e d .  

Corros ion  d a t a  are almost  nonex i s t en t  f o r  materials i n  t h e  f l u i d s  

cons ide red  i n  t h e  advanced a b s o r p t i o n  machines. Even wi th  the  com- 

monly used l i t h i u m  bromide-water system, publ i shed  d a t a  seem t o  be l i m i t e d  

t o  the  behavior  o f  steel  and copper a l l a y s  t h a t  are used i n  commercial 

machines. The p resen t  i n v e s t i g a t i o n  i s  an  e f f o r t  t o  p a r t i a l l y  f i l l  t h a t  
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vo id  and t o  h e l p  select  a s i n g l e  material f o r  the QRNL t e a t  f a c i l i t y  that 

can  handle  as many d i f f e r e n t  f l u i d s  as p o s s i b l e  wi thou t  expe r i enc ing  

e x c e s s i v e  co r ros ion .  All c y c l e s  o p e r a t e  over  a range of temperatures ,  but  

ou r  tests were conducted only a t  the  h i g h e s t  p r a c t i c a l  temperature  f o r  the 

p a r t i c u l a r  system. Furthermore,  most of our tests l a s t e d  on ly  one week 

(168 h ) ;  lower average c o r r o s i o n  rates may have been r e p o r t e d  i n  some cases 

had the tests l a s t e d  longe r ,  because c o r r o s i o n  rates are g e n e r a l l y  h i g h e r  

i n i t i a l l y  and dec rease  as a corrosion-product  f i l m  forms. Thus, the corn-- 

b i n a t  i o n  of high temperature  and. short: test t i m e s  probably produced 

h i g h e r  average c o r r o s i o n  rates than would be experieuced i n  an  a c t u a l  

machine, excluding v e l o c i t y  and theriili3.l. c y c l i n g  e f f e c t s ,  i f  any. For our 

app l i ca tLon ,  a c o r r o s i o n  rate as high as 1.25 p / y  ( 5  mils/y) w a s  deemed 

s a t i s f a c t o r y ,  a l though  i n  actual. advanced machines c o r r o s i o n  rates no 

g r e a t e r  than 50 p / y  (2 m i l s / y )  probably would he sought ,  depending on 

expected life, warranty requirements ,  and type of r e f r i g e r a n t - a b s o r b e n t  

combination. 

EXPERIMENTAL CONDITIONS 

Most of t h e  tests were conducted i n  s t a i n l e s s  steel. a u t o c l a v e s  that 

had Tef lon  l i n e r s .  The i n t e r n a l  volume of t h e  a u t o c l a v e s  w a s  235 a, and 

t h e  volume of test f l u i d  was 1.50 to 170 mL i n  each tes t .  A s t a i n l e s s  

s t e e l  or nickel. rod a t t a c h e d  t o  the head of t h e  a u t o c l a v e  had c r o s s  wires 
a t t a c h e d  €or hanging specimens. Glass or Tef lon  was used to e l e c t r i c a l l y  

i n s u l a t e  t h e  specimens from t h e  holder .  Specimens of s e v e r a l  d i f f e r e n t  

a l l o y s  w e r e  exposed i n  t h e  same a u t o c l a v e ,  and i n  some tes ts  s t r e s s e d  

spectinens were a l s o  included.  The test spetlimens were t h i n  s t r i p s  

measuring about  13 by 25 mi (-6.5 e m 2 )  wi th  a h o l e  d r i l l e d  nea r  one end, 

A I 1  materials were used received" ( r o l l e d  and annealed) .  "i%e speci- 

mens were washed i n  a d e t e r g e n t ,  r i n s e d  i n  de ion lzed  water and ace tone ,  

d r i e d ,  and weighed. After the test  t h e  specimens were washed i n  deionized 

w a t e r  and ace tone ,  d r i e d ,  and reweighed. I n  most cases the amount of 

c o r r o s i o n  p roduc t s  on the specimen w a s  n e g l i g i b l y  smaall. Corrosion rates 

were c a l c u l a t e d  from weight: losses assuming uniforra attack. 
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S t r e s s e d  specimens,  i n  t h e  c o n f i g u r a t i o n  of C-rings o r  U-bends, were 

inc luded  i n  some L e s t ~ . ~  

13-mm-diam tubing .  Holes were d r i l l e d  180° a p a r t ,  and a s e c t i o n  of the  

tube  w a l l  90" from the  h o l e s  was removed. A small s t a i n l e s s  steel. b o l t  

and n u t ,  i n s u l a t e d  wich Tef lon ,  were used t o  compress the  tub ing  and p l a c e  

t h e  o u t e r  s u r f a c e  a c r o s s  t h e  opening i n  t ens ion .  The U-bends were made 

from t h i n  s t r i p s  oleasuring about  10 by 50 mm ben t  over  a 9.4-am-diam ba r  

s o  t h a t  t h e  legs w e r e  p a r a l l e l .  Wire or b o l t s  of t h e  same composi t ion 

prevented  t h e  legs from s p r i n g i n g  a p a r t .  With both types  of spectmens,  

t h e  material was p l a s t i c a l l y  deformed i n  t h e  r eg ion  of maxiiuum stress. 

The s t r e s s e d  specimens were not weighed. 

The C-rings were made from 1-cm l e n g t h s  o f  

A va lve  w a s  welded t o  t h e  head oE each au toc lave  so t h a t  gas could 

be added t o  o r  removed from t h e  au toc lave .  I n  most tests the c losed  

a u t o c l a v e  wi th  t h e  tes t  s o l u t i o n  and specimens i n  i t  w a s  p laced  i n  

l i q u i d  n i t r o g e n ;  a f t e r  f r e e z i n g ,  t h e  a i r  w a s  pumped ou t .  The enc losed  
I 

s o l u t i o n  w a s  then  thawed and r e f r o z e n ,  and t h e  gas  w a s  a g a i n  pumped 1 

from t h e  au toc lave .  The a u t o c l a v e s  were hea ted  f o r  the d e s i r e d  time i n  

e lectr ic  fu rnaces .  

A few tests were conducted i n  heavy-walled Pyrex glass tubes.  I n  

t h o s e  tests a s i n g l e  u n s t r e s s e d  s t r i p  specimen and t h e  s o l u t i o n  were 

p laced  i n  a tube  c losed  a t  one end. The s o l u t i o n  w a s  Erozen and t h e  open 

end w a s  fused  s h u t  under  vacuum. The specimens,  somewhat smaller t h a n  

t h o s e  used i n  t h e  au toc lave  tests, had s u r f a c e  areas of 3 t o  5 em2.  The 

volume o f  s o l u t i o n  was 12 t o  20 a. 
The s o l u t i o n s  were made Erom reagent-grade chemicals  and d i s t i l l e d  

water, Most of t h e  s o l u t i o n s  were made by weight or volumetr ic  measure- 

ments of l i q u i d s  and s o l i d s ,  but, f o r  R e f r i g e r a n t  22, a known volume of 

gas a t  a tmospher ic  p r e s s u r e  and room tempera ture  w a s  t r a n s f e r r e d  t o  t h e  

t es t  v e s s e l  by coo l ing  the  v e s s e l  i n  l i q u i d  n l t rogen .  Concen t r a t ions  

are r e p o r t e d  as weight pe rcen t .  
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RESULTS 

P RE L I MI NARY TE S T S 

The f i r s t  two t e s t s ,  made t o  check t h e  equipment, were conducted wi th  

aqueous s o l u t i o n s  of 5% ammonia a t  180°C and wi th  70% l i t h i u m  bromide a t  

1 5 O O C .  Both tests l a s t e d  f o r  one week, and a i r  occupied t h e  f r e e  space i n  

t h e  au toc laves .  In t h e  ammonia s o l u t i o n ,  pure n i c k e l ,  Monel 400, and 304 

s t a i n l e s s  s t e e l  corroded a t  average rates of 39, 92, and <2 pm/y, respec-  

t i v e l y .  I n  t h e  l i t h i u m  bromide s o l u t i o n ,  n i c k e l ,  Monel 480, 70-30 and 

90-10 cupron icke l s ,  and types  304 and 430 s t a i n l e s s  s tee l  corroded a t  

average  rates of 8 ,  4 .7 ,  70 ,  300, 2.6, and 5.3 pm/y, r e s p e c t i v e l y .  

Microscopic  examinat ion f a i l e d  t o  show any evidence of l o c a l i z e d  a t t a c k  on 

t h e  specimens i n  e i t h e r  s o l u t i o n ,  The c o r r o s i o n  rates observed i n  t h e s e  

tes ts  may be h ighe r  t h a n  would have been observed i n  t h e  absence of a i r  

(oxygen), but  the tes ts  demonstrated t h a t  t h e  test equipment performed as 

expected . 
T, ITHlU M BROMI 1)E-APDION I A-tJATER SY STEM 

A series of week-long tests w a s  conducted i n  a s o l u t i o n  c o n t a i n i n g  

The specimens t e s t e d  and t h e  54% L i B r ,  10% MI3, and 36% H 2 0  a t  200°C. 

c o r r o s i o n  rates observed are shown i n  Table 1. 

I n  T e s t  1 wi th  a i r  i n  t h e  au toc lave  a l l  rates were reasonab1.y l o w  

excep t  t hose  f o r  carbon s tee l .  The values for  carbon steel and s t a i n l e s s  

s t e e l  shown i n  t h e  t a b l e  are somewhat low because both had b lack  films 

t h a t  w e r e  not removed be fo re  weighing. All o t h e r  specimens had very  t h i n  

t a r n i s h - l i k e  f i l m s  t h a t  were removed by wiping wi th  t i s s u e .  There w a s  no 

ev idence  of l o c a l i z e d  a t t a c k  on any specimen. A f t e r  t h e  t e s t  t h e  s o l u t i o n  

con ta ined  a f i n e l y  d iv ided  b lack  p r e c i p i t a t e  t h a t  s lowly s e t t l e d  from 

s o l u t i o n .  The p r e c i p i t a t e  was magnetic and probably was magnet i te .  

T e s t  2 w a s  in tended  t o  d u p l i c a t e  t h e  prev ious  experiment  except f o r  

t h e  absence of a i r .  However, a t  the start  of t h e  t es t ,  t h e  tempera ture  

c o n t r o l l e r  malfunct ioned and t h e  tempera ture  w a s  above 265°C f o r  4 t o  8 h. 

For  t h e  rest of t h e  test t h e  tempera ture  was maintained aL 200 .C 2°C.  A l l  

specimens except  t h e  304 s t a i n l e s s  s tee l  ( S S )  spec-lmen had a b l u i s h  cast ,  
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which w a s  removed on washing. The s t a i n l e s s  s tee l  specimen had a sh iny  

b l ack  f i l m ,  and t h e  s o l u t i o n  conta ined  a small amount of a b lack  p rec ip i -  

ta te .  There w a s  no evidence of l o c a l i z e d  a t t a c k  on any specimen. 

Table  1 .  Corros ion  rates of va r ious  materials 
i n  a s o l u t i o n  con ta in ing  54% L i B r ,  

10% MI3,  and 36X N20 a t  200°C 
1 2 :  

, a / (  

- : Corros ion  rate (pmly)  
Mater i a l  

T e s t  la  Test 2 T e s t  3 T e s t  4' 

Nickel  100 350 1.50 280 

70-30 cupron icke l  32 140 46 8 .2  

304 s t a i n l e s s  s teel  50 41 1 - 3  430 3.9 
Carbon s teel  320 [> :: \"C : 

Monel 400 280 390 

90-10 cupron icke l  30 120 64 68 

d 304 s t a i n l e s s  steel  
~ 

'Air f i l l e d  t h e  f r e e  space of t h e  au toc lave ;  a i r  was 

b u r i n g  t h e  f i r s t  few hours ,  t h e  temperature  was >265OC. 

CSolution conta ined  500 ppm C r O z  added as K 2 C r 0 , +  a t  t h e  

dSample preexposed dur ing  T e s t  2.  

removed i n  a l l  o t h e r  tests. 

s ta r t  of t h e  t e s t .  

Because of t he  temperature  excur s ion  i n  t h e  prev ious  test ,  t h e  test 

was repea ted  wi th  t h e  temperature  c o n t r o l l e d  a t  2OO0C, 

t h e  usua l  a r r a y  of new specimens, t h e  304 S S  specimen t h a t  had t h e  black 

c o a t i n g  from t h e  previous  run w a s  reexposed. The r e s u l t s  are shown as 

T e s t  3 i n  Table  1. Nickel  and t h e  90-10 and 70-30 cupron icke l s  had e tched  

appearances ,  and t h e  70-30 cupron icke l  had many shal low p i t s  (ail less 

than  25 prn deep).  Monel 400 a l s o  had an  e tched  appearance,  but p i t t i n g  

w a s  t o t a l l y  absen t .  The new 304 SS specimen had developed a t h i n  tena- 

c i o u s  f i l m  on most of i t s  s u r f a c e ,  but t h e r e  w e r e  reg ions  where t h e  f i l m  

w a s  not  complete. Apparently t h e  absence of a f i l m  allowed more co r ros ion  

t h a n  was observed in t h e  prev ious  run. On t h e  o t h e r  hand, t h e  304 SS 

specimen t h a t  had t h e  b l ack  f i l m  from t h e  previous  run remained unchanged. 

A s  i n  t h e  prev ious  tes t ,  the  s o l u t i o n  conta ined  a f i n e l y  d iv ided  b lack  

suspens ion  a t  t h e  end of t h e  test. 

I n  a d d i t i o n  t o  

I .  
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l e s t  4 w a s  conducted under the samr c o n d i t i o n s  as 'Test 3 except  t h a t  

t he  LiRr--NI-23-11?0 s o l u t i o n  conta ined  500 ppin CrO; (added as K 2 C r 0 4 ) .  

addition t o  ihe  specimens shown i n  Table 1, C-r ings of 304 S S  and carbon 

s t e e l  were exposed I n  the s o l u t i o n  and i n  t h e  vapor above the s o l u t i o n .  

A t  t he  eat! of T e s t  4 t h r  s o l u t i o n  was c o l o r l e s s ,  i n d i c a t i n g  complete 

r e d u c t i o n  and p r e c i p i t a t i o n  oE the  Gr0; ions .  A l oose ly  adheren: red pre- 

c i p i t a t e  coa ted  a?cE specimens ss well as t h e  bottom of the Te€lon liner, 

Nickel and 90-?0 and 70-'3(? cupronicke l  s:rrcimems had e tched  appearances 

and a f e w  rdiidoin sha l low p i t s  were iroted on t h e  76-30 cupron icke l  s p e c i -  

~ u c i n .  The 304 S S  specimen and C-zing exposed i n  the s o l u t i o n  had da rk  

a d h e r e n t  f i l m s ,  and t h e  speririiera l o s t  v e q  l i t t l e  weight. 'rhe 364 SS 

C-ring exposed i n  the  vapor developed on ly  a t a r n i s h - l i k e  film; neither 

seazinlcss s t ee l  C-ring shoved any evidence of stress co r ros ion  c racks .  

Both carbon s t r e l  C-r iogs  developed r e l a t i v e l y  heavy scales, and the one 

exposcd i n  so l l i t i on  developed a s i i i g l e  crack ( i n  the rrwst h i g h l y  stressed 

rtaf: ion) tha t  extended n e a r l y  a c r o s s  the wid th  o f  t h e  specimen. F i g u r e  1 

shows the e n t i r e  c rack;  P i g .  2 show.; the t i p  of the  crack at hlglrer m g n i -  

fieation 2nd i 1 l i u s t r a i~s  "Lie i n t e r c r y s t a l l i n e  n a t u r e  of the crncb. 

In 

Y-198183 

Pig. 1. Cross s e c t i o n  of a crack t h a t  developed i n  t h e  stressed 
reg ton  of a carbon s t ee l  C-ring on exposure t o  a n  aquecus s o l u t i o n  con- 
t a i n i n g  54% TAi8r, 10% N i 3 ,  and 506 ppm CrO: a t  2 0 0 " ~ .  



7 

, 80pm , 
F i g .  2. Enlarged view of t h e  t i p  of the c r a c k  shown i n  Fig.  1. 

The prev ious  d a t a  i n d i c a t e d  t h a t  i n  t h e  X.IBr-XH3-H20 s o l u t i o n  

s t ' a i n l e s s  sLee l  corroded f o r  some p e r i o d ,  d u r i n g  which a p r o t e c t i v e  f i l m  

formed, and t h e n  p r a c t i c a l l y  ceased corroding.  Fur the rnore ,  the data for 

f e r rous  a l l o y s  suggested t h a t  the i n i t i a l  extent of a t t ack  was less the 

greater the to t a l .  s u r f a c e  a rea  exposed. Therefore, we conducted tests 3.11 

which only  s t a i n l e s s  s t ee l  specimens were exposed t o  a d e a e r a t e d  s o l u t i o n  

o f  542 L i R r ,  10%; N H 3 ,  and 36% B 2 0 e  

3 0 4 L ,  and 314L SS. Some spec imens  of t he  la t ter  t w o  a l l o y s  had a weld 

bead across t h e  specimen. The weld bead on the 304L SS specimen was 

308L SS, whereas t h e  weld bead on t h e  316L SS spec imen w a s  314L SS. 

The materials t e s t e d  were types  304,  
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The weight l o s s e s  observed fo r  t h e  specimens d u r i n g  t h e  f i r s t  week of 

tes t :  are shown i n  Tab1.e 2. All specimens had developed g l o s s y  b l ack  

films, and t h e  s o l u t i o n  con ta ined  a r e I . a t i v e l y  l a r g e  amount of a b lack  

magnetic s o l i d .  These same specimens were placed i n  a fresh  oxygen-free 

s o l u t i o n  of t h e  same coroposi.t:i-on an3 hea ted  f o r  a n  a d d i t i o n a l  week at: 

200°C. A f t e r  t he  second week t h e r e  gas no change i n  specimen appearance,  

and weight changes were i n s i g n i f i c a n t  (Table  2 ) .  The s o l u t i o n  w a s  f r e e  of 

s o l i d  particles.  The same specimens were r e t u r n e d  t o  the same ao'hution, 

a i r  w a s  removed, and t h e  a u t o c l a v e  was heated a*L 200°C . fo r  an a d d i t i o n a l  

16  days. A t  t h e  end o f  t h i s  t i m e ,  t h e  specimens and t h e  so lu t ion  

remained unchanged, and, as shown i n  Table 2,  t h e  wetghts  of t h e  specimens 

were n e a r l y  the same as a f t e r  t h e  f i r s t  week. The resul ts  from t h i s  

series of exposures  c lear ly  show that  some s t a i n l e s s  s tee l  m u s t :  corrode 

t o  Eorm a p r o t e c t i v e  coati.ag, a f t e r  which t h e  a t t a c k  rat:e 1s very low. 

Tab le  2. Corrosion o f  statnless s teel  specimens 
i n  a d e a e r a t e d  s o l u t i o n  c o n t a i n i n g  54% I,i.Br, 

102 kJti39 and 36% M ~ O  a t  200°C 

Cumulative weight loss ( m g / c m 2 )  

30 days 
I___I_ - .- .. .. Type of 

s t a i n l e s s  s tee la  7 days 1 4  days 

304 
304L 
304LW 
3162 
3 16LW 
316LW 

0.93 0.94 0.91 
0.45 0.55 0.49 
0.71 0.65 0.75 
1 . 7 1  1.70 1.67 
1.43 1.42 1.43 
0.85 0.90 0.87 

aW i n d i c a t e s  t h a t  the specimen had a weld bead 
across i t *  

A s i n g l e  we&-long t e s t  was conducted in a deaerated s o l u t i o n  con- 

t a i n i n g  36% L i B r ,  10% CH3Nt12 (methylamine),  and 54% 820 a t  160°C. The 

specimens exposed and t h e  c a l c u l a t e d  c o r r o s i o n  rates are shown i n  Table  3. 

Only t h e  316TA and 304L SS speclinens developed  da rk  fi1m.s around the edges; 

all others  remained unchanged i n  appearance.  The s o l u t i o n  a l s o  remained 

unchanged, but  a d i s t i n c t  odor of ammonia (as w e l l  as of niethylamlne) 

i n d i c a t e d  some h y d r o l y s i s  of methylamine. 
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Table  3. Average c o r r o s i o n  rates of m a t e r i a l s  
exposed t o  a s o l u t i o n  con ta in ing  36% L i B r ,  10% 

CH3NH2, and 54% H20 a t  1 6 O o C  f o r  one week 

Mater La1 Corros ion  rate (um/y) 

Nickel  15 
Monel 400 4.6 

70-30 cupronickel.  5.2 

90-10 cupronicke l  10 
304L s t a i n l e s s  steel 5.9 
316L s t a i n l e s s  steel <2 - 

SODIUM HYDROXIDE-WATER SYSTEM 

A s h g l e  test w a s  conducted i n  a 55% NaQH s o l u t i o n  a t  150°C f o r  one 

week i n  the  presence of a i r ,  The materials t e s t e d  were n i c k e l ,  Monel 400, 

90-10 and 70-30 cupronicke l ,  and type  304 SS. Except f o r  t h e  s t a i n l e s s  

steel  all. materials r e t a i n e d  t h e f r  o r i g i n a l  appearance,  and weight changes 

p e r  specimen ( s u r f a c e  a r e a  5-7 em*) were only 3.3 mg, w e l l  w i t h i n  our 

weighing e r r o r .  The s t a i n l e s s  s teel  specimen had a f i l m  on p a r t  of i t s  

s u r f a c e  and had undergone s u b s t a n t i a l  i n t e r g r a n u l a r  a t t a c k .  Some g r a i n  

dropping had occurred ,  and s c r a p i n g  t h e  s u r f a c e  removed many a d d i t i o n a l  

g r a i n s .  Because s t a i n l e s s  steel (and mild s t e e l  a l s o )  i s  not a s u i t a b l e  

material f o r  use i n  hot  concen t r a t ed  c a u s t i c  m l u t i o n s ,  5 ~ 6  no a t t empt  w a s  

made t o  determine t h e  depth of the  i n t e r g r a n u l a r  p e n e t r a t i o n .  

A s i n g l e  test w a s  run i n  deae ra t ed  75% NaOH s o l u t i o n  a t  1 7 5 ° C  f o r  one 

week. Specimens of n i c k e l ,  Monel 4 0 0 ,  and 90-10 and 70-30 cupronicke l  

showed t o t a l  weight changes ( s u r f a c e  area 5-7 c m 2 )  ranging from -0.2 mg 

t o  H.5 mg p e r  specimen. There were no changes I n  t h e  appearance of t h e  

specimens. 

ORGANIC FLUIDS 

S e v e r a l  week-long c o r r o s i o n  tests were conducted in organ ic  f l u i d s .  

Table  4 shows t h e  mixtures  of o rgan ic  f l u i d s  used and t h e  temperature  of 

t h e  tests. Some were conducted i n  au toc laves  and o t h e r s  I n  Pyrex tubes .  

S i n g l e  specimens of types  430 and 304 S S ,  Monel 400,  n i c k e l ,  90-10 and 

70-30 cupron icke l ,  and 1100 aluminum were exposed in each environment. 
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Table 6 .  Composition and terinperature of o rgan ic  
solutions used i n  c o r r o s i o n  t e s t a  

Coi l lposi t ion of test medium Temperature ("C) 

95% t e t rag lyme,  a 4% TFE b 110 
95% te t rag lyme,  5% WE 130 
302 t e t r y l y m e ,  10% Refrigerant  22 130 
9Jx PIMI", 7% TFE 110 

Nonc of t h e  speciiaens showed any v i s i b l e  change as a r e s u l t  csf 

t h e  exposure.  The largest weight loss on any specimen ( s u r f a c e  area 

~5 cm*) w a s  0.5 rgs w ~ i i c i i  w a s  p r a c t i c a l l y  w i th in  our  weighing error .  

Thus, a l l  01 t h e  miterials were e s s e n t i a l l y  i n e r t  i n  a l l  of t h e  o rgan ic  

f l a i d s  under ou r  c o n d i t i o n s  of test. I n  agreement wZth our results, 

Eisem;bn7 a l s o  noted e x t r e m e l y  low c o r r o s i o n  rates for  copper  and a lu -  

nPnum in t e t r a g l y m e - R e f r i g e r a n t  22 a t  ~ e r n p e ~ d t u r e f i  vary ing  from 1 2 1  t o  
1 7 7 ° C  (25Cb350"F). TIC a l s o  observed t h a t  Refrigerant 22 was v e r y  stable 

under these cond i t ions .  Comparable data were not Tound f o r  t h e  o t h e r  

two systeuas" 

The tetraglyme-TPE so lu t ions  tiirtred l i g h t  brown dur ing  the tes ts ,  

ba th  at 110°C and a t  130"@. The ml'-TPE s o h t i o k l  a l s o  darkened slightly 

and acqu-ired an ambne-like odor. T e s t s  w i t h  t h e  former s o l u t i o n s  i n  

Pyrex tubes showed that t h e  cizange in color occurred  w i t h i n  one day a t  

130"C, and no f u r t h e r  change occurred  on cont lnued  exposure.  

Yyrex tubes containitxg t h e  l a t t e r  s o l u t i o n  were heated i n  an oven f o r  

times ranging from 7 t o  23 days a t  13O0C. A f t e r  nag day t h e  c o l o r  w a s  

the same as a f t e r  23 days,  and i n f r a r e d  spectra were the same r e g a r d l e s s  

of exposnre t i m e .  Thus,  our d a t a  i n d i c a t e  t h a t  n e i t h e r  s o l u t i o n  decom- 

posed s i g n i f i c a n t l y  up to 130°C. 

t o  tracc j i i ipuri t ies  ILI the  r e a g e n t s  The t e t r a g l y m ~ ~ e f r ~ g c r a n t  22 

so'iutl.on showed no changes in appearance a f t e r  one week at  130°C. 

Three sealed 

The color changes vere probably due 
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S'TWSS CORROSION C R A C K I N G  TESTS I N  Lif3r-H20 SOLUTION 

Because t h e  a u s t e n i t i c  s t a i n l e s s  steels are h i g h l y  

s t cess corros io i i  c r ack ing  i n  c h l o r i d e  s o l u t  tons t t  was 

s u s c e p t i b l e  t o  

Lmgortarzt to 

determine  whether those steels  are a1 so s u s c e p t i b l e  to  c rack ing  i n  

c o n c e n t r a t e d  l i t ta turn bromide s o l u t i o n s .  I n i t i a l l y  two tests w e r e  

conducted w i t h  a 68% L i B r  s o l u t i o n  a t  16O0C, each test c o n t a i n i n g  

20 U-bend specimens of type 304 SS. I n  one tes t  a i  r w a s  removed from 

t h e  a u t o c l a v e ,  and i n  t h e  o t h e r  it was not .  Both tes ts  l a s t e d  3 weeks 

wi thou t  I n t e r r u p t i o n .  'Cn t h e  a u t o c l a v e  that  conta ined  a i r  every  speci- 

men had a t  least one c rack  that caused the s p e c i m e n  t o  €ai l ;  i n  t h e  

absence  oE a i r  not a s i n g l e  specimen developed a crack.  I n t e r e s t i n g l y ,  

18 of the f a i l e d  specimens conta ined  on ly  a s i n g l e  crack; only  I W O  

cracks were Eound in  each of the o t h e r  two specimens.  Usual ly  when 

c r a c k i n g  occur s ,  a s i n g l e  c rack  causes  f a f l u r e ,  but a d d l t i o n a l  smaller 

c r a c k s  are found, Our r e s u l t s  i n d i c a t e  t h a t  once the Eirst crack 

nuc lea t ed ,  the crack growth rate was so g r e a t  chat the t e n s i l e  stresses 

were r e l i e v e d  b e f o r e  o t h e r  c r a c k s  could s tar t .  

I n  both tests the specimens remained free af v i s i b l e  Eilnas m d  

appeared  t o  have undergane only  l i m i t e d  g e n e r a l  attack. T h e  s o l u t e o n  

from t h e  au toc lave  wi thou t  oxygen had d very s l i g h t  blue-green c o l o r  

t h a t  s lowly formed a f l o c c u l e n t  r edd i sh  p r e c i p i t a t e  on exposure t ia a i r .  

I n  t h e  presence  of a i r ,  t h e r e  was a f i n e  r edd i sh  p r e p r e c l p i t a t e  i n  t h e  

balltom of the liner. 

Z i t h i u q  chrumatc o r  l i t h i u m  hydroxide i s  f r e q u e n t l y  w e d  i n  

l i t h i u m  bromide s o l u t i o n s  t o  i n h i b i t  c o r r o s i o n  of carbon s tee l . s18  Two 

a d d i t i o n a l  tests uere nin to determine  i t  t hose  I n h i b l t o r t ;  had any 

e f f e c t  on stress c o r r o s i o n  c rack ing  of s t a i n l e s s  s t ee l ,  I n  one t e s t  

t h e  68% LiHr s o l u t i o n  conta ined  1000 ppm ehrcpmiuin as L-i 2 C r 0 4 -  In t h e  

o t h e r ,  enough s o l i d  l i t h i u m  hydroxi& was added t o  make tire 682 L i R r  

s o l u t i o n  0.1M (0.16X) i n  LiOB. Ten U-bend spec imens  of type  304 S S  

were exposed i n  each environment,  and a i r  occupied the free space  in 

tlie au toc laves .  Both au toc laves  were hea ted  a t  160°C f a r  ? weeks. 

All specimens exposcd i n  t h e  chrtsmstgr-containir%g s ~ l u t i o a  faiLcd 

d u r i n g  the test. Most specimens conta ined  nore  than  one c rack .  Each 

crack was marked by a reddish-brown d e p o s b t ,  whereas t h e  rest of t h e  
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s u r € a c e  had a s l i g h t l y  b l u i s h  f i lm .  There w a s  a s m a l l  amount of b l ack  

p r e c i p i t a t e  i n  t h e  bottom of the  l i n e r ,  but  t h e  salaation had t h e  same 

yel low c o l o r  as a t  t h e  s tar t ,  i n d i c a t i n g  t h a t  most of t h e  chromate 

i o n s  w e r e  no t  reduced. 

On t h e  othc!r hand, none of the specimens exposcd i n  t h e  s o l u t i o n  

c o n t a i n i n g  l i t h i u m  hydroxide developed a crack. The  specimens had a 

l o o s e l y  adherent. brownish f i l m ,  mast of which could be removed by 

wip ing  rs i th  t i s s u e .  The s o l u t i o n  conta ined  a s i m l l a r l y  co lo red  p r e -  

c l p i t a t e  t h a t  s l m l y  s e t t l e d .  

These resu1.t~ c l e a r l y  show t h a t  chromate ions d i d  no t  inh ib i t :  

stress c o r r o s i o n  c rack ing  of s t a i n l e s s  s t e e l  i n  l i t h i u m  bromide 

s o l u t i o n s ,  bu t  making t h e  s o l u t i o n  a l k a l i n e  w i t h  l i t h i u m  hydroxide 

comple te ly  s topped stress c o r r o s i o n  c rack ing  of s t a i n l e s s  s t e e l  under 

ou r  t e s t  condf t ions .  

A f t e r  t hese  tests were completed,  Lhe c r y s t a l l i n e  l i t h i u m  bromide 

used t o  make t h e  s o l u t i o n s  w a s  analyzed f o r  the presence  of c h l o r i d e .  

Spark source  inass spec t roscopy i n d f c a t e d  55 k 15  ppm c h l o r i d e .  Th i s  

c o n c e n t r a t i o n  i n  t h e  d ry  salt  cor responds  t o  about  37 ppm c h l o r i n e  I n  

t h e  s o l u t i o n ,  which i n  t h e  absence of l i t h i u m  bromfde is  s u f f i c i e n t  

t o  produce c rack ing  i n  s t r e s s e d  a u s t e n i t i c  s t a i n l e s s  s t e e l  under Q U ~  

c o n d i t i o n s  of tests. Thus, t h e r e  remains t h e  p o s s i b i l i t y  t h a t  t h e  

c rack ing  we observed was due t o  t h e  presence  of trace amounts o f  

c h l o r i d e  i n  t h e  l i t h i u m  bromide. 

DISCUSSION AND CONCLUSIONS 

The p re l imina ry  r e s u l t s  ob ta ined  i n  t h i s  s tudy  show t h a t  most of 

t h e  f l u i d s  w e  examined, w i t h  the excepti-on of the o rgan ic  s o l u t i o n s ,  

were c o r r o s i v e  t o  a t  least  one of t h e  materials t e s t e d .  It: is a lso 

p o s s i b l e  t h a t  a d d i t i o n a l  c o r r o s i o n  may be encountered ai: l onge r  

t e s t i n g  per iods .  Bowever, i n h i b i t o r s ,  which could  reduce corrosimi i n  

some cases, w e r e  not  eva lua ted  excepl: i n  l i t h i u m  bromide s o l u t i o n s .  

O v e r a l l ,  the  a u s t e n i t i c  s t a i n l e s s  steels appear  t o  be a b l e  t o  

w i ths t and  more of t h e  test  s o l u t i o n s  than any o t h e r  material t h a t  w e  

examined. O f  course ,  s t a i n l e s s  s tee l  is not  s u i t a b l e  f o r  c o n t a i n i n g  
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ho t  c a u s t i c  s o l u t i o n s ,  and concen t r a t ed  l i t h i u m  bromide s o l u t i o n s  con- 

t a i n i n g  e i t h e r  molecular oxygen o r  chromate ions  readiLy crack  h igh ly  

s t r e s s e d  s t a i n l e s s  s tee l ;  however, t h e  l a t te r  a t t a c k  can he prevented 

by removing t h e  oxygen o r  chromate Erom t h e  system or by adding 

l i t h i u m  hydroxide t o  t h e  s o l u t i o n .  
- 

It appears  t h a t  s t a i n l e s s  s teel  i s  not s u s c e p t i b l e  t o  c rack ing  i n  

a l i th iurn  bromide s o l u t i o n  con ta in ing  ammonia in t h e  absence of a i r ,  

b u t  only a s i n g l e  test w a s  run. I n  t h e  same tes t  a mi ld - s t ee l  s t r e s s e d  

specimen developed an i n t e r g r a n u l a r  crack.  Whether c rack ing  w i l l  occur  

i n  e i t h e r  a l l o y  i n  t h e  presence  of oxygen remains t o  be demonstrated.  

I n  t h e  ammoniacal l i t h i u m  bromide s o l u t i o n ,  s t a i n l e s s  s teel  corroded a t  

an  a p p r e c i a b l e  rate i n i t i a l l y  whi le  a p r o t e c t i v e  c o a t i n g  formed, 

fo l lowing  which t h e  c o r r o s i o n  rate w a s  n e g l i g i b l y  small. When methyl- 

amine w a s  s u b s t i t u t e d  f o r  ammonia i n  t h e  above s o l u t i o n ,  s t a i n l e s s  s tee l  
developed a dark  f i l m ,  but its s u s c e p t i b i l i t y  t o  c rack ing  was not  

examined, 

On t h e  b a s i s  of our  l i m i t e d  r e s u l t s ,  an a u s t e n i t i c  s t a l n l e s s  steel 

seems t o  be t h e  best choice  f o r  a material .from which t o  c o n s t r u c t  a 
test  f a c i l i t y  f o r  s tudy  of a wide v a r i e t y  of f l u i d s .  However, be fo re  

such a f a c i l i t y  is built, long c o r r o s i o n  tests are needed t o  confirm 

tha t  stainless steel is as r e s i s t a n t  a material as the p re l imina ry  tests 

i n d i c a t e .  

Although it  was not unambiguously e s t a b l i s h e d ,  our d a t a  i n d i c a t e d  

tha t  a concent ra ted  l i t h i u m  bromide s o l u t i o n  is an a g g r e s s i v e  c rack ing  

agen t  f o r  h ighly  s t r e s s e d  s t a i n l e s s  s teel .  Our s o l u t i o n s  conta ined  

low l e v e l s  of c h l o r i d e  ions  (-37 ppm), which i n  the absence of l i t h i u m  

bromide could produce c racking  i n  s t a i n l e s s  steel;  however, c h l a r i d e -  

induced c rack ing  is u s u a l l y  i n h i b i t e d  by chromate ions  and, because 

c rack ing  occurred i n  the  presence O E  chromate, c h l o r i d e  ions  d id  not  

appear  t o  be r e s p o n s i b l e  f o r  t h e  observed cracking .  Because bromide 

ions  do no t  u s u a l l y  induce c rack ing  i n  a u s t e n i t i c  s t a i n l e s s  steels, an 

i n v e s t i g a t i o n  i n t o  t h e  c racking  phenomenon i n  l i t h i u m  bromide s o l u t i o n s  

should be informat ive .  
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The containment o f  concen t r a t ed  sodium hydroxide s o l u t i o n s  a t  h igh  

tempera tures  u s u a l l y  requires n i c k e l  or  a h igh-n icke l  a l l a y .  l o  

mater-hdls are expensive compared w t t h  carbon s tee l ,  which is used i n  

e x i s t i n g  abso rp t ion  machines. Our r e a i i l ~ s  show t h a t  ba th  90-10 and 

/U-30 cupron icke l  have h igh  r e s i s t a n c e  t o  h a t  c a u s t i c  s o l u t i o n s .  They are 

less expensive than  n i c k e l  and, io. a d d i t i o n ,  have higher thermal  condiic- 

t i v i t i e s .  Although f u r t h e r  t e s t i n g  is r equ i r ed ,  those a l l o y s  may he good 

cho ices  f o r  an  a b s o r p t i o n  machine based on t h e  sodium h y d r o x i d c t a t e r  

s y s  t em.  

Those 

- 
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