
3 4456 0551S318 7 





Cont rac t  N o  W-7405-eng-26 

METALS ANI) .CERAMICS D L V T S L Q N  

Date Published: December 1980 

NOTICE: T h i s  document c o n t a i n s  informat  i o n  of 
a p r e l i m i n a c y  n a t u r e .  It i s  subjec t  t o  r ev i s ion  
or correction and thereSore does n u t  represent 
a f i n a l  report .  

OAK KLDGE NATIONAL J,ARORB'l'OKY 
Oak Kidge, Tennchssee 37830 

operated by 

fOT the 
DEPAKTMEN'L' OF ENERGY 

IJ N I O N  CL4K U 1 D E  CO KPCr KAT I 0 N 

3 445b 0551938 7 





CONTENTS 

ABSTRACT ............................................................ 1 

INTRODUCTION ........................................................ 1 

Rackground and Process Description ............................. 1 

Materials Kxperience ........................................... 5 
EYPKRIMENTAI . PROCEII[JKE .............................................. 9 

RESULTS ............................................................. 15 

DISCUSSION .......................................................... 29 

ACKNOCKLEDGMENTS ..................................................... 35 

REFERENCES .......................................................... 36 

iii 





STRESS CORROSION STUDIES I N  SOLVENT REFINED COAL 
L LQUEFACTION PILOT PIANTS 

I 

__I _-.I___I 

V. B. Baylor,  .J. R. Keiser, M. D. Al len ,  
and E. J. Tawrenee 

ABSTRACT 

Coal l i q u e f a c t i o n  p l a n t s  w i t h  6000 ton/d c a p a c i t y  are 
c u r r e n t l y  be ing  planned by DOE as a s t e p  toward commercial 
p r o d u c t i o n  of s y n t h e t i c  f o s s i l  f u e l s .  These p l a n t s  w i l l  
demonst ra te  t h e  l a r g e - s c a l e  v i a b i l i t y  of t h e  Solvent  Refined 
Coal (SRC) p r o c e s s ,  which has  been used s i n c e  1974 i n  two 
o p e r a t i n g  p i l o t  p l a n t s :  a SO- ton /d  u n i t  a t  F o r t  L e w i s ,  
Washington, and a 6-ton/d p l a n t  i n  W i l s o n v i l l e ,  Alabama. 
Exper ience  i n  t h e s e  plantls h a s  shown t h a t  a u s t e n i t l c  
s t a i n l e s s  s tee l s  are s u s c e p t i b l e  t o  stress c o r r o s i o n  c r a c k i n g  
a s s o c i a t e d  w i t h  r e s i d u a l  stresses from c o l d  working o r  welding. 
The c o r r o d e n t s  r e s p o n s i b l e  f o r  t h e  c r a c k i n g  have not  y e t  been 
p o s i t i v e l y  i d e n t i f i e d  but  are suspec ted  t o  i n c l u d e  p o l y t h i o n i c  
a c i d s  and c h l o r i d e s ,  

t a n c e  t o  stress c o r r o s i o n  c racking ,  r a c k s  of s t r e s s e d  U-bend 
specimens i n  welded and as-wrought c o n d i t i o n s  have been exposed 
a t  t h e  Wil.sonville and F o r t  L e w i s  SRC p i l o t  p l a n t s .  These 
s t u d i e s  have i d e n t i f i e d  a l l o y s  t h a t  are s u i t a b l e  f a r  c r i t i c a l  
p l a n t  a p p l i c a t i o n s .  

To s c r e e n  c a n d i d a t e  materials of c o n s t r u c t i o n  f o r  resis- 

1NTKODUCTlON 

Background and Process D e s c r i p t i o n  

Clean-burning f u e l s  c a n  be produced by d i s s o l u t i o n  o f  c o a l  by 

s l u r r y i n g  p u l v e r i z e d  c o a l  w i t h  process-der ivud  solvent and t h e n  hydrogen- 

a t i n g  under h i g h  p r e s s u r e  and temperature .  The coal. s t r u c t u r e  is hydro- 

c racked ,  r e s u l t i n g  i n  a replacement  of s u l f u r  and oxygen w i t h  hydrogen t o  

y i e l d  coal-der ived l i q u t d s ,  a c i d  gases, and undisso lved  s o l i d  p a r t i c l e s .  

Various s e p a r a t i o n s  downstream remove t h e  a c i d  g a s e s ,  p a r t i c u l a t e  matter, 
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and r e c y c l e  gases and l i q u i d s  f i  l eav ing  a I r ) w ~ - - ~ u l  f u r ,  v i r t u a l l y  ash--f ree 

p r o d u c t .  The f o u r  major p i l o t  p l a n t s  u s ing  d i r ec t :  c o a l  l i q u e f a c t i o n  

p rocesses  are sumriisrized i-n Table  1. 

The Solvent  Refined Coal ( S R C )  p rocess  has been dernonstr,atted by t w ~  

o p e r a t i n g  p i l o t  p l a n t s :  a 50-ton/d u n i t  i n  F o r t  Lewis ,  Washington, and a 

B-tonjd p l a n t  i n  W i l s o a v i l l e ,  Alabama. There are two SRC modes, SRC--,T 

and S R C - I 1  (F ig .  1). In t h e  SRC-11 mode more o f  t he  dissc>l:ved c o a l  i s  

conver ted  t o  disti.l.l.af:c l i q u i d s  and gases  i n  t h e  r e a c t i o n  area due t o  

t h e  increased amount of hydrocracking prodrlced by an  inc reased  e f f e c t i v e  

r e s i d e n c e  t i m e  and r e a c t i o n  rate.‘ 

stream are  p a r t  of t h e  vactium d i s t i l l a t i o n  r e s i d u e  which is fed t o  a 

g a s i f i e r  f o r  hydrogen product ion ,  ‘%us the f i l t r a t i o n  s t e p  i s  eliminated 

i n  SRC-TI, and t h e  main product  i s  a l i q u i d  as opposed t o  (I’m s o l i d  b o i l e r  

The s o l i d s  remaining i n  t h e  process 

Eu-1. p r o d ~ c e d  by SKC--1. 

The W i l s o n v l l l e  P.?.ant (SKC-I)  was designed and c o n s t r u c t e d  by 

C a t a l y t i c ,  Inc. ,  which has  ope ra t ed  I t  s i n c e  1974 under the management of 

Southern  Company Sen:vicrs Inc. ‘1%~ p r o j e c t  i s  j o i n t l y  sponsored by t h e  

Depart-ment of Energy (DOE) and t h e  E l e c t r i c  Power Research Insti tute 

( E P K I ) ,  The F o r t  L e w i s  P l a n t ,  which can be a p e r a t e d  i n  e i t h e r  the  SKC-E 

o r  S R C - I 1  mode, is being o p e r a t e d  by the  Pi t t isburg and Midway Coal Mining 

Company (P@i>, a s u b s i d i a r y  of Gii1.f O i l  Corporat ion.  Sponsorc:d by DOE, 

t h e  pl.ailt @as desigiiecl by P&M and b u i l t  by R u s t  Engineer ing  i n  1974.  

F u r t h e r  d e t a i l s  on t h e  o p e r a t i n g  h i s t o r y  and p rocess  c o n d i t i o n s  of t h e  SRC 

p i l o t  p l a n t s  are a v a i l a b l e .  2 9 3  

Two o t h e r  major  c o a l  l i q u e f a c t i o n  p rocesses ,  E-Coal [devel-oped by 

Hydrocarbon Research, Inc. ( M R I ) ,  and Ashland S y n t h e t i c  Fue l s ,  Inc. ] and 

Exxon Donor Solvent  (EDS) (developed by Ekxon Research and Engineer ing 

Company) have been demonstrated s u c c e s s f u l l y  i n  bench-scale and process  

development u n i t s .  Xarger sca1.e p i l o t  p l a n t s  have been b u i l t  f o r  bo th  

p rocesses ;  however, t hey  have j u s t  begun ope ra t ion ,  The processes d i f f e r  

f r o m  t h e  SRC process  primarily i o  6 1 ~  r e a c t i o n  mechanism. The EDS process  

uses a prehydrugenated s o l v e n t  t o  s l u r r y  the c o a l  i n  a d d i t i o n  t o  the 

hydrogen in t roduced  b e f o r e  r e a c t i o n ,  ‘file W-Coal p rocess  uses an e b u l l a t e d  

bed reactor whth a cl-mmim-molybdenum c a t a l y s t  t o  i n c r e a s e  hydrogenat ion  

of t h e  coa l .  These twe p r o c e s s e s  y i e l d  a h i g h e r  hydrogen-to-carbon r a t i o  

t h a n  tha t  d e r i v e d  from SRC, g i v i n g  a more r e f i n e d  l i q u i d  product .  



Table 1. Coal Liquefaction Pilot Plants 

Reac to r  Hydrogen 
Temp e r a t  u re P r e s s u r e  Range 

( "C ,  ( O F )  (HPa) ( p s i )  

P r o c e s s  P 1 an t u  Classification Product  6 

SKC-I W i l  sonv il l e ,  Ala. S o l v e n t  reffning 4 4 0  825 11.7-1 3.8 
C a t a l y t i c ,  Inc .  
6 t o n s j d  

SEC-11 F o r t  Lewis,  Wash. So lven t  r e f i n i n g  455  8 50 10.31 3. I 
P6M Coal  N in ing  Co. 
50  tGllSjd 

H- Go a 1 Ca t l c t  t s b u r g ,  Ky. C a t a l y t i c  hydro- 455 8 50 15.5-18.4 
h s h l a n d  S y n t h e t i c  geua t  i o n  
F u e l s ,  he. 
660 t o n s / d  

E DS Baytown, Tex. Donor s o l v e n t  4 5 5  8 50 10.3-1 3.8 
Exxon S y n t h e t i c s  
250 t o n s / d  

1700-2000 S o l i d  SKC 

150&1900 Fuz l  o i l  
L i g h t  d i s t i l l a t e  

T i p e l i n e  g a s  
LPCC W 

225G27i30 Crude o i l  
F u e l  o i l  
Gas 

1500-2000 Gaso l ine  b l end  s t o c k  
( a f t e r  tiydro- 
t r e a t i n g )  

Heavy f u e l  o i l  
D i s t i l l a t e  f u e l  o i l  

"Nameplate c a p a c i t y  i s  give::; 1 ton  = 907 kg. 

%'ominal v a l u e s ,  a c t u a l  t e m p e r a t u r e s  may vary  t o  a s  low a s  4 1 Q O C .  

"Liquef ied  pe t ro l eum gas. 
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Y 166073 

DlSSOl VING GAS 

CRUS 

SULFUR 

THE SRC-I PROCESS 

COAL 

Fig. I ,  Schematic Flow Diagrams of the Solvt-rit Refined Coal (SRC)  
Processes. The significant differences between (a) SKC-I and ( b )  SRC-I1  
arc the filtration step and the melting point of the product. These 
differeaccs are due  to the increased hydrocracking p o s s i b l e  in SRC-11,  
producing a more r e f i n e d  l i q u i d  p roduc t .  
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S t r e s s  c o i i o s i o n  r iac-king has  been o b s e r v e d  at b o t h  t h e  5diLsonvi l l e  

and Port  T>ewis SRC p i l o t  p l a n t s .  Nondes t ruc t ive  e x t i i n i n a t i o n  of t h e  

1J ; l sony i  1 1 ~  d i s q o l v e r  was performed i n  .Jiily 1 9 7 7 ,  using, dye-pzoe t - an t  and 

me ta l log raph ic  L P ~ ~ I  i c a t i o n  techniques .  The d i s s o l v e r  v e s s e l  i s  cast t y p ~  

310 s f -a in less  s t e e l  (CK 40)  t o  w h i c h  a type  347 stafnlrss s r c d  f l a n g e  is 

w-lded. l h e  flcriigp covcr  plate ( o r  d i s s o l v r r  hcnd)  i s  a l s o  type  347 

slALnless  s tee l .  T w o  typc- 316 s t a i n l e s s  s t e e l  m t s  w l d r d  T o  t h e  i n n e r  

s ~ i ~ f a r r  of ~ i i e  head are used f o i  susppnding r a c k s  of s u r v e i l l a n c e  coiipons 

i n s i d e  t h e  v e s s e l .  Crack ing  was fouiid. on t h e  m~.hi1wcl  l o p  surface of t h e  

t y ! ) ~ .  3h7 f l a n g e  ( F i g .  2 )  arid i n  t h e  weld connec t ing  ;he n u t s  F o  iiir i n s i d e  

s u r f a c e  of t i l e  d i s s o l v e r  head. Kecxami tlat i o ~ i  i n  March 19 / 9  showed nu 

i n c r e a s e  i n  r i -%cking,  but p i t t i n g  was o b s e r v e d  f o r  t h e  first t i m e .  

- 

A i y p c  ? I  6 s t a i n l e s s  s t e e l  h l  i lid f l a n g e  and thei-movjell assembly, 

a l s o  from t h ~  W i l s o n v i l l e  d i s s o l v e r ,  w a c  rc8inov-d f rolii s e r v i r e  when 

F i g .  2. Cr3i:kille Obst>..rved on f o p  Sur face  of Type 3/17 S t a i i i l e S s  S t p r l  
F lange  i n  the W i l s o n v i l l e  SKC P i l o t  P l a n i  D i s s c . 1  ver. Kesidclal stresses 
from machining courbined w i t h  LIIP ro r  r o s i v e  environuient t o  p i t r d u r e  s t r e s s  
c o r r u s i o n  c r a r k i  iig. 
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Y-167633 

4 

+w.. 

* .  50 u m  . . ' ,.,. . *... r (b ) 

Fig.  4. One-inch Sched-80 Type 316 Stainless S t e e l  Vent Line O f f  
P ip ing  Between Preheater  and D i s s o l v e r  d t  Wil s n n v i l l c .  
i n i t i a t e d  a2 t he  i n s i d e  d iameter  of t he  p ipe  and were observed on every 
sample cu t .  ( h )  Jitc.hi 118 reveal~d t h e  t r aasg ranu la r  nature of t h e  
c rack i  ng. 

(a> Cracks  
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intendec! L o  he rorrelnted with labo-racorg tests des igned  t o  complement the 

p i l o t  p l a n t  s t u d i e s .  The l a b o r a t o r y  exper iments  arc just ~i i ider  wag and 

will be r e p ~ r t e d  and c:orrel.ated a t  a l a t e r  da t e .  

Most of  ihi. racks were locatred i n  t h e  c r i t i c a l  r e a c t i o n - s e p a r a t i o n  

area. These v e s s e l s  p r e v i o u s l y  con ta ined  r a c k s  of f l a t  ai.irvei Stance 

coupons ,  and t h e  U-bend r acks  were ind i .v idua l lp  t l e s l g n d  t o  be coinpat-iblc 

i n  earh locat ior i .  The U-berid c o n f i g u r a t i o n  was chosen hecniisP of i t s  ease 

i n  f a b r i c a t i o n  and t h e  s i z e  convenience f o r  tile p l a i r t  o p e r a t o r s .  The 

s t ress  caused by forrriing the U-bend shape i s  beyend t h a t  normally encouti- 

tered i n  accual. iatbsii..atiian and t h u s  i s  a v e r y  s e v e r e  test .  'kst  

materials inc luded  f e r r i t i c  s ta inless  s tee ls  ( e . ~ .  , 26-1 and 18-21, many 

a u s t e n i t i c  s t a i n l e s s  steels ( i n c l u d i n g  1, grades a n d  s t a b i l i z e d  t y p e s ) ,  and 

v a r i o u s  n icke l -base  al.l.oys, such  as Incoloy* 825, Inconels*  600 and 625 

a n d  Tbs teS loys t  G and C-276. 

Where p o s s i b l e ,  1 2 . i - m m t h i c k  p l a t e s  were used,  b u t  some were as t h i n  

as 1.6 t o  6.4 mm. 'lhe 12. 7-mm pl .a tes  were welded t o g e t h e r  by m i i l . t i p L e  

p a s s e s  usirig the ail tonlatic gas tungs ten-arc  process  w i t h  co ld-v ixe  f i l l e r  

add  i. t i ons . The j o i n t  con€ igil ra t i o n  was a 7 5 O -i. IIC luded--.ang 1. e V-g r 00 v e  . 
All welds were r ad iog raphed  t o  ensure 3 d e f e c t - f r e e  stt-uctrircl. Specimens 

were machined f r o m  t h e  plates perpeildiciil.a-r t o  t he  weldmenr srich t h a t  smne 

specimens con ta ined  a weld c r o s s  s e c t i o n  and o t h e r s  were nonwelded. The 

specirnens were nominally 86 m l o n g ,  13 rnin wide, and 1.6 mm t h i c k .  Table  

2 g i v e s  a complete l i s t  of speciinen m a t e r i a l ,  f i l . 1 .n r  w i r e ,  atid a l l o y  

composi t ion.  'The t h i n n e r  p l a c e s  were noi: welded.  

The spec inens  were weighed, b e z i  i n t o  E--shapes, and a t t a c h e d  L o  

r a c k s  by niits screwed oiii.r) b o l t s  threaded on bo th  ends. 'l'he racks were 

welded o n t o  rods  which are threaded  fo.c mounti-ng i n  p l a n t  v e s s e l s .  'The 

c o n f i g u r a t i o n  and dimensions v a r i e d  from vessel t o  v e s s e l ,  bur  some 

t y p i c a l .  arrdngen5i i ts  are shown i n  F i g s .  5 and 6. I-1ol.e~ w e r e  irrachined i n  

t h e  rack t o  reduce  t h e  weigiii:. Most of the  r acks  WPTC constriicteci of t ype  

3047, s t a i n l e s s  s t e e l ;  however, titariium a n d  b s t e l l o y  C-275 were used f o r  

*Tradrnnrk of Hunt ing'ion A l  l o y s ,  Inc.  

TTrademaark of Cabor: Gorp. 
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Y-164058 
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1 CENTiMETERS 
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Y-165846 
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' I  

F i g .  5 .  Racks of Specimens Used f o r  Mounting on Vessel Walls. The 
racks are mounted on b racke t s  or screwed i n t o  nu t s  so t h a t  t hey  are 
h o r i z o n t a l  i n  t h e  v e s s e l .  (a) Racks p r i o r  t o  exposure.  ( b )  S i m i l a r  
specimens a f t e r  exposure i n  the  For t  Lewis s e p a r a t o r  vessels. 



Y-158932 

CENTIMETERS , 

v I 

,''. '' Y-165845 
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5 c m  

Fig. 6. Rack Configuration Used for Suspending Specimens from Vessel Head. (a) Rack before 
insertion into the dissolver at the Fort Lewis SRC pilot plant. 
at operating temperature. 

(b) Rack after exposure for 2800 h 
Note the specimen missing from the left side of the top rack. 
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areas where c o r r o s i o n  w a s  expected t o  be a problem. The mounting b o l t s  

were f a b r i c a t e d  from a l l o y  800, t i t a n i u m ,  and H a s t e l l o y  C-276 and s o l u t i o n  

annea led  when necessary.  The specimens,  r a c k s ,  and b o l t s  were a l l  
mutua l ly  i n s u l a t e d  by h igh-pur i ty  alumina washers.  Specimens w e r e  not  

h e a t - t r e a t e d ,  a l though f u t u r e  exposures  w i l l  i n c l u d e  s e n s i t i z e d  specimens. 

The t i m e  of exposure i n  each v e s s e l  v a r i e d  f o r  each exposure p e r i o d ,  

depending on p l a n t  o p e r a t i n g  c o n d i t i o n s .  Racks of specimens were i n s e r t e d  

and removed a t  scheduled shutdowns; however, unscheduled o p e r a t i o n a l  

i n t e r r u p t i o n s  may have occurred.  The process  c o n d i t i o n s  are d i f f i c u l t  t o  

c h a r a c t e r i z e  because t h e  purpose of p i l o t  p l a n t  o p e r a t i o n s  i s  t o  s t u d y  t h e  

e f f e c t  of process  v a r i a t i o n s .  The c o n d i t i o n s  w i t h i n  any exposure p e r i o d  

could  have v a r i e d  weekly i f  not  d a i l y ,  and t h u s  it is v i r t u a l l y  imposs ib le  

t o  d e t a i l  t h e  exposure c o n d i t i o n s  o t h e r  t h a n  by o p e r a t i n g  hours  above a 

p a r t i c u l a r  temperature .  

A f t e r  exposure,  t h e  specimens were r e t u r n e d  t o  OKNL f o r  a n a l y s i s .  

They were examined v i s u a l l y  f o r  evidence of c r a c k s ,  c leaned  u l t r a s o n i c a l l y  

t o  remove c o r r o s i o n  d e p o s i t s ,  and t h e n  reexamined. They were t h e n  removed 

from t h e  r a c k s  and t h e  amount of spr ingback  w a s  measured. The specimens 

were weighed, and t h e  c o r r o s i o n  rate was c a l c u l a t e d  based on a n  assumption 

of uniform removal of material. A dye-penetrant  examinat ion w a s  performed 

on each specimen, and samples t h a t  gave any i n d i c a t i o n  of a t tack  were scc- 

t i o n e d  and examined by s t a n d a r d  m e t a l l o g r a p h i c  techniques .  

Replacement racks  were provided before  a scheduled shutdown so t h a t  a 

new set of specimens could be i n s t a l l e d  i n  t h e  v e s s e l  when t h e  o l d  ones 

were removed. The d e c i s i o n  on materials t o  be t e s t e d  i n  each l o c a t i o n  w a s  

made w i t h  t h e  advice  of p l a n t  personnel .  S i n c e  t h e  exposure per iod  a t  

F o r t  L e w i s  is s h o r t e r  t h a n  t h a t  a t  W i l s o n v i l l e ,  we have examined specimens 

from t h r e e  p e r i o d s  at For t  L e w i s  whi le  t h e  specimens i n  similar v e s s e l s  

t h a t  were i n s e r t e d  i n  W i l s o n v i l l e  i n  Narch 1979 are s t i l l  i n  p lace .  T h i s  

r e p o r t  summarizes the  r e s u l t s  of U-bend exposures  i n  t h e  d i s s o l v e r  and 

s e p a r a t o r  v e s s e l s  only at  t h e  For t  L e w i s  SKC p l a n t  from January 1979 

through June 1980. Specimens from t h e  f r a c t i o n a t i o n  areas a t  both p l a n t s  

w e r e  a l s o  examined, and t h e  r e s u l t s  of t h e s e  examinat ions are descr ibed .  
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P i l o t  p l a n t  exposures  are s t i l l  c o n t i n u i n g  a t  t h e  SKC f a c i l i t i e s ,  and 

U-bend samples have also been s u p p l i e d  t o  t h e  Exxon Coal Liquefactrion 

P i l o t  P l a n t  and t h e  €&-Coal P i l o t  P l a n t .  The r e s u l t s  of t h e s e  tes ts  w i l l  

b e  r e p o r t e d  later.  

RESULTS 

Tables  3 through 8 l i s t  a l l  specirnens exposed a t  t h e  F o r t  L e w i s  and 

W i l s o n v i l l e  SRC p i l o t  p l a n t s  t h a t  have been examined t o  d a t e ,  a long wi th  

t h e  l o c a t i o n ,  tempera ture ,  t i m e  of exposure,  c o r r o s i o n  rates,  and n a t u r e  

o f  a t t a c k  ( i f  any). Three exposure p e r i o d s  were completed i n  t h e  F o r t  

L e w i s  s e p a r a t o r  v e s s e l s  (Tables  3-51, and a new set of specimens was 

i n s e r t e d  b e f o r e  each exposure.  One t e s t  p e r i o d  was completed f o r  t h e  F o r t  

Lewis d i s s o l v e r  and wash s o l v e n t  column (Tables  6 and 7) and f o r  t h e  

WiLsonvi l l e  f r a c t i o n a t i o n  column (Table  8). The l e n g t h  of exposure was 

based on t h e  number of o p e r a t i n g  hours  a t  t h e  tempera tures  i n d i c a t e d  and 

t h u s  v a r i e d  w i t h  each v e s s e l  f o r  each exposure per iod.  Specimens were 

exposed t o  t h e  vapor phases  of t h e  process  streams. 

The c a l c u l a t e d  c o r r o s i o n  rates f o r  t h e  d i s s o l v e r  and s e p a r a t o r  

v e s s e l s  (Tables  3-6) show t h a t  a l l  t h e  a l l o y s  t e s t e d  (except  Inconel  600) 

e x h i b i t e d  good t o  o u t s t a n d i n g  r e s i s t a n c e  t o  g e n e r a l  c o r r o s i o n  i n  t h e s e  

environments.  An a l l o y  i s  cons idered  t o  have good r e s i s t a n c e  i f  t h e  

c o r r o s i o n  ra te  i s  less t h a n  0.5 mm/year.ll Most of t h e  specimens t e s t e d  

had c o r r o s i o n  r a t e s  of less t h a n  0.1 mm/year and many corroded a t  a ra te  

less  than  0.001 mm/year,  In g e n e r a l ,  the c o r r o s i o n  r a t e s  were h i g h e s t  f o r  

t h e  h i g h  p r e s s u r e  s e p a r a t o r  and lowest  f o r  t h e  recyc1.e condensate  

s e p a r a t o r .  Since t h e  tempera ture  is h i g h e r  i n  t h e  former v e s s e l ,  t h i s  

o b s e r v a t i o n  is not  s u r p r i s i n g .  During t h e  same exposure per iod,  specimens 

exposed i n  t h e  d i s s o l v e r  had s i m i  Lar c o r r o s i o n  r e s i s t a n c e  t o  t h o s e  exposed 

i n  t h e  h igh  p r e s s u r e  s e p a r a t o r .  The o p e r a t i n g  c o n d i t i o n s  of t h e s e  v e s s e l s  

are v e r y  s imi la r .  The 26 C r - 1  Mo f e r r i t i c  s t a i n l e s s  s t ee l  e x h i b i t e d  t h e  

b e s t  c o r r o s i o n  r e s i s t a n c e  i n  t h e  d i s s o l v e r - s e p a r a t o r  environments.  Inconel  

600 c l e a r l y  d i s p l a y e d  t h e  l eas t  c o r r o s i o n  r e s i s t a n c e ,  as every  specimen 

b u t  one had d isappeared  from t h e  t e s t  racks  b e f o r e  t h e y  were removed f o r  

e rsimi na t ion .  
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Table '4. Sunitnary 05 U-Bend Specimens Exposed i n  t h e  For t  
Lewis High P r e s s u r e  Separator a t  330 t o  430°C 

Cor r o s i o n  
Rate Type of 

A t t a c l i C  
Exposure 
m i  (,ab Al loy  Spec imcn 

Numbe IT a 
( m / y  ear 1 

4 10-4 
410--l!d 
4 10- 8W 
18-2-lW 
ER- 1 
EB-8 
EB-2W 
304- 1W 
3 04L- 2W 
3 04L-6W 
3 10-2W 
316-1 

321-2 
321-1W 
3 2 1-8W 
347-1 
347-11 
347-1w 
347-5w 
3 32- 1 
1800-1 
1800-1 1 
I 8 0 0- 1IJ 
C P 2 0- 2w 

1825-1 1 
600-1 
600-*6N 
6 25-1 
C276-1W 

316-iw 

410 
410 
410 
18-2 
26-1 
26-1 
26- 1 
304 
3041, 
304L 
310s 
3 16 
316 
32 1 
32 1 
32 1 
347 
34 7 
347 
347 
332 
800H 
8001-11 
800H 
Carpent e r 

20Cb-3 
Incoloy 825 
Inconel  600 
Inconel  600 
Inconel  625 
Has t e 1 l o  y 

c-276 

3 
1 
3 
3 
1 
3 
2 
1 
2 
3 
2 
1 
1 
2 
1 
3 
1 
3 
1 
2 
2 
1 
3 
1 
2 

3 
2 
3 
2 
2 

0 .45  
0.30 
0.44 
0.02 

<0.01 

<<0.01 
0.13 
0.03 
0.13 

<<0.01 
0.21 
0.22 
0.03 
0.12 
0.09 
0.11 
0.06 
0.09 
0.02 
0.02 
0.12 
0.03 
0.11 
0.03 

0.04 

1.73 
<<0.01 
<<0.01 

a 

f 

P 
TC 
TC 
N 
N 
N 
Ice 
N 
GS 
I P  
P 
N 
N 
GS 
N 
I P  
N 
-LP 
N 
GS 
P 
N 
S 
I C  
I C  

N 
S 

I C  
TC, S 

S, GS 

% = w l d e d  specimen. 

b l  = 736 ti, 1/79--7/19; 2 = 2800 h, 3/79-10/79; 

CGS = g e n e r a l  s u r f a c e  a t t a c k ,  IC = i n t e r g r a n u l a r l y  

3 = 2707 h, 1 0 / 7 9 4 / 8 0 .  

c racked ,  lk' = i n t e r g r a n u l a r  p e n e t r a t i o n s ,  N 110 a t t a c k ,  
P = p i t t e d  slightly, S = s u l f i d i z e d ,  TC = t ransgranular ly  
c racked .  

d~pecirrrm gained weight 

"Suspected anomaly. 

fspecimen destroyed completely by c o r r o s i o n .  
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Tab le  4. Summary of U-Bend Specimens Exposed i n  the Fort  L e w i s  
Intermediate P r e s s u r e  Sepa ra to r  at: 280 t o  380'C (536-116"F) 

Specimen 
Nuinher a . C l o y  

Corrosion Rate Type of Expo 8 u r  e 

Periocih At tackC b m / y e a r >  (mpy) 
---- 

410-3 
4 10-2w 
410-7W 
18-2 -4 
18-2-216 
EB-2 
El3-7 
EB-3W 
304-2W 
304L-3W 
310-28 
316-2 
316-2W 
316E-2W 
3 17L-2W 
321-3 
321-2W 
321-7W 
347-2 
347-10 
347-2W 
347-6W 
332-2W 
I8 00- 2 A' 
1800-10 
1800-2W 
1825-10 
600-2W 
6 00- 5W 
C276-2FI 

410 
410 
41 0 
18-2 
18-2 
26- 1 
26- 1 
26- 1 
304 
304L 
310s 
316 
316 
3 1 6 E L C  
317L  
32 1 
32 1 
32 1 
347 
347 
347 
347 
332 
80011 
800N 
800H 
Incoloy 825 
Incone l  600 
Inconel  600 
Has telloy 

C276 

3 
1 
3 
2 
3 
1 
3 
2 
1 
2 
2 
1 
1 
3 
2 
2 
1 
3 
1 
3 
4. 
2 
2 
1 
3 
1 
3 
2 
3 
2 

0.06 
0.05 
0.07 

(0.01 
(0.01 
CO.01. 

n 
d 

0.03 
( (0 .  0 1 

0.07 
o*u5 
0*02 

< < O . Q l  
c0.01 

0.08 
0.04 
0.05 
0.01 
0.04 

((0.01 
0.01 
0.05 
0.02 

<0*01 
d 
f 

1.48 

f 

<<0.01 

2.4 
2,o 
2.8 

(0-1 
<o. i 
<0.1 

d 
d 

1.2 
<<0.1 

f 
2 * 8  
2.0 
0.79 

((0.1 
(0.1 
3.1 
1.6 
2 .I) 
0.39 
1.6 

((0.1 
0.39 
2-0 
0.79 

( 0 .  I 
d 
f 

58 
((0.1 

GS 
P 
TC 
N 
I C "  
N 
N 
N 
N 
N 
ra 
N 
N 
M 
N 
PJ 
N 
N 
N 
M 
I' 
M 
N 
N 
N 
N 
N 
s 
S,GS 
N 

%i = welded specimen. 
bl = 800 h, 

"GS = general. surface a t t ack ,  I C  = intergranularly cracked, N = no 

dSpeeirnen ga ined  weight a 

eSuspected anomaly. 

fSpecimen des t royed  comple te ly  by c o r r o s i o n .  

1/7!2-3/79; 2 = 2800 h, 3/79-10/79; 3 = 2808 h, 1 0 / 7 9 4 / 5 0 .  

a t t a c k ,  P = p i t t e d  slightly, S -2 s u l f i d i z e d ,  TC = t r a n s g r a n u l a r l y  cracked.  
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Table 5. Summary o f  U-Bend Specimens Exposed in t he  F o r t  Lewis 
Recycle  Condensate Sepa ra to r  a i  Ambient 

Temperature t u  lSO°C 

____..- . .. -- -__1_1 

Al loy  Specimen 
Number" 

Corros ion  Type of 
Fate 

(mm/ year 1 A t  t ac k 
Exposure 
P e r i o d b  

........ _____ ..... I.-.1 

4 10-2 
410-3W 
410-611 
18-2-6 
EB-3 
EK-6B 
EB-hW 
3 04-  1 
304-3W 
3O4Xh-4W 
310-3W 
3 16-3 
316-3W 
314E-lW 
317L-3W 
321-4 
321-3U 
3 2 1-6WA 
347-3 
347-9 
3 47 - 3w 
347-7w 
332-3 
1800-3 
1800-9 
1800-3W 
CP20-3w 

1825-9B 
6 00-4W 
G3-1A 

410 
410 
410 
18- 2 
26- 1 
26-1 
26- 1 
304 
304 
304L 
310s 
316 
314 
3 16ELC 
317L 
32 1 
32 1 
32 1 
347 
347 
34 7 
347 
332 
800H 
8008 
800H 
Carpenter  

20Cb-3 
Incoloy 825 
I n c o n e l  600 
H a s t e l l o y  G-3 

3 
1 
3 
2 
1 
3 
2 
2 
1 
2 
2 
1 
1 
3 
2 
2 
1 
3 
1 
3 
1 
2 
2 
1 
3 
1 
2 

3 
3 
3 

<0.01 
<0.01 
<0.01 

d 
<o. 01 

d 
<<0.01 
<<0.01 

0.01 
<<0.01 
<<0.01 

<0.01 
<0.01 

<<0.01 
<<0.01 
<<o. 01 
<0.01 

<0.01 
d 

<0.01 
<<0.01 
<<0.01 

<0.01 
<<0.01 

<0.01 
<<0.01 

a 

n 
d 

<<0.01 

N 
TC 
TC 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
P 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

N 
N 
N 

% = welded specimen. 

bl = 1175 h,  1/79--3/79; 2 = 4500 h, 3/7%10/79; 3 4340 h,  

e N = no a t t a c k ,  P = p i t t e d  s l i g h t l y ,  TC =: t r ansg ran r l l a r ly  

(%pecimen gained weight.  

1 O /  7!3-6/ 80 e 

cracked  
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Table  6. Summary of U-Bend Specimens Exposed i n  the 
Fort L e w i s  Dissolver at 330 t o  450°C 

f o r  2600 h (3/753-10/79) 

Specimen 
Number" Al loy  

Corrosion 
K a t  e 

(mmlyear) 

Type of 
Attackb 

4 10-4W 
EB-1W 
304-4w 
304L-1W 
310-1 
3 10- 1\J 
316-4 
316-4W 
317L-1 
3 1.7 L-1W 
321-1 
321-4W 
347-4 
347-4w 
332-iw 
2800-4 
L800-4W 
CP20-1W 
600-1W 
6 25- 1 W  

410 
26- 1 
304 
304L  
310s 
3 10s 
326 
316 
317L 
31 7 2  
321 
32 1 
347 
347 
332 
800H 
800H 
Carpenter  20Cb-3 
Incone l  600 
Inconel  625 

(7 

e 
0.03 
e 
e 

0.05 
0.02 
0.03 
0.04 
0.06 
0.08 
0.04 

<<0.01 
0.30 
0.29 
0.35 
0.09 

n 
0.03 

c 

N 
N 
P 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
TC, S 
TC, S 
N 
S 
TC, S 

dw = welded specimen. 

h = no a t t a c k ,  P = p i t t e d  s l i g h t l y ,  S = s u l f i -  

"Specimen gained  weight. 

LESpecimen des t royed  comple te ly  by co r ros ion .  

d i z e d ,  TC = t r a n s g r a n u l a r l y  c racked .  
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Table 1.  Summary of U B P I I ~ I  Speciinens K ~ p o s e d  i n  
t h e  ‘lop o r  the Vort L e v i s  Wash Solvent  Colunm 

a t  180 ?80°C foc I 3 3 4  h ( 1 0 / / 9  -1/80) 

Alloy  
Co rr o s i o n  

Rate Type of 
A t  tnckb 

(171111/ yea UT ) 

EH- 51! 

3 1 6 GW 

3 16L 11.4 

3 17T8--6W 

3 2 1 - ow3 

C P 2 0 -  4w 

1825-9A 

625-3‘i;r 

G3-1l.3 

26- 1 

315 

31 61, 

31 f L 

32 1 

Ca II p e  II t e r 20 C h - 3 

Tncoloy 835 

Inconcl 625  

l Ias tc , . l loy G-3 

2 - 3 9  

1.05 

0.87 

0.91 

0.91 

0.34 

0.54 

0.33 

0.39 

GS 

GS 

GS 

P 

GS 

GS 

GS 

G S  

GS 

%- 2 ?.Plded specimen. 

bGS = general  surface a t t a c k ,  P = p i t t e d .  
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Table 8, Stmmary of U-Bend Specimens Exposed f o r  5341 ti in the 
w i L s onv i 1 le F rac t i ona t i o n  C;O I urrnrt ( Q / 7 '1-4 / 8 0 1 

A l l o y  Specimen 
Number 

Temperat lire Cor rus  i o m  

( mm/ yea r ) 

Type of 
Attack" Range Kate 

( " C )  

EM-4 
EB-ti 
EZ1-6A 
3041,-1 
304L-3 
3041,-4 
310-2B 
3 10-3 
3 10-5 
3 16-5 
3 16-6 
3 16-7 
3 17L-2 
3 171,-4 
3 27L-5 
321-5 
3 21-7 
321-8 
347-5 
347-7 
347-8 
I 8 00- 2 B 
1800-7 
1800-8 
w20-I  

CP20--3 

CP 2 0-4 

600-2 
6 00-4 
600-5 

26- 1 
26- 1 
26- 1 
3041, 
304L 
304L 
310s 
31 os 
310s 
316 
3 l b  
316 
317L 
317L 
317L 
321 
321. 
32 1 
347 
34 7 
347 
8 0 O H  
8 0 Q H  
800H 
Carpen t e b 

2OCb-3 
Carpenter :  

20Cb-3 
Carp en t e r 

20Cb-3 
Inconel 600 
Luc,onel 600 
Inconel  600 

190-220 
2 9 13-3 1 0 
228-260 
I. 9 w2 2 0 
2 2 0-2  6 0 
290-3 10 
1 9 0-2 2 0 
220-260 
290-310 
190-220 
2 2 0-2 6 I1 
29G-310 
19 0--%20 
22 e 2  6 0 
290-310 
190-220 
220-260 
290-3 10 
190-220 
2 2 0-2 ti0 
290-310 
190-220 
2 2 0-2 6 0 
290-310 
190-220 

290-310 

2 2 !&2 6 0 

190-220 
22c-260 
290-310 

<0.02 
h 

<0.02 
0.48 

b 
(0 .) 0 2  

0-38 
<0.01 
(0.02 

0.47 
h 

(0  e 0 2  
0.55 

h 
<0"02 

0.38 
(0.01 
(0.02 

0.43 
t0.01 
CO-02 

0.26 
0.30 

(0 "  02 

<0.01 

0.01 

(0.02 
0.01 

<0.01 

c 

id 
N 

M 

N 
N 
'1" c 
N 
N 
GS 
N 
N 
GS 
N 
N 

GS, P 

TG, P 

'TC $ P 
TC,P 
pa 
TC, P 
,rG2 P 
N 
TC 
s 
N 

N 

ICP 

N 
I P  
I!? 

WS = general surface attack, I P  = i n t e r g r a n u l a r  penetrations, 

bSpeciinen gained weight. 

"Specimen destroyed completely by corrosion. 

N 2 no attack, P = p i t t e d ,  TC = t r a n s g r a n u l a r l y  cracked. 
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Visna l  examinat ion of t he  f i r s t  set of specimens exposed i n  t h e  

s e p a r a t o r  v e s s e l s  r evea led  no ev idence  of c racking .  However, a $ye- 

p e n e t r a n t  check showed i n d i c a t i o n s  on a few specimens and these vere 

examined m e t a l l o g r a p h i c a l l y .  A l l  t h e  type  410 s t a i n l e s s  steel. wel.d@d 

s a m p l e s  were p i t t e d  o r  cracked.  Some o f  t h e  c r a c k s  i n i t i - a t e d  i n  t h e  weld 

metal  an.d. p e n e t r a t e d  through t h e  H h Z  and others o r i g i n a t e d  i n  the base 

metal.. The type  410 specimen t h a t  was exposed i n  the h igh  p r e s s u r e  

s e p a r a t o r  i s  shown i n  Fi.g. 7 .  The c rack ing  is  a c lass ic  case of stress 

c o r r o s i o n ,  i n i t i a t i n g  a t  a s u r f a c e  p i t  and ‘cI1ei-k branching t r a n s g r a n u l a r l y  

through the  netal .  Intergranul-ai: c r ack ing  w a s  found on one al l -op 80011 

specimen. No a u s t e n i t i c  s t a i n l e s s  steel specimei?s were c racked ,  a l though  

a few showed p i t t i r i g  near  t h e  weld f u s i o n  1i.ne. A l l  o t h e r  specimens were 

unat  t acked. 

V i sua l  and  me ta l log raph ic  examinat ion of the second set of specimens 

t e s t e d  i n  t h e  d i s s o l v e r  and s e p a r a t o r  vesse1.s r evea led  JIQ a tLack  on 

specimens exposed i n  t h e  recycle  condensa te  s e p a r a t o r  o r  t h e  i n t e r m e d i a t e  

p r e s s u r e  s e p a r a t o r .  Seve ra l  specirrrens exposed i n  t h e  h igh  p r e s s u r e  

separa tm were crack-ed o r  corro(J td .  The I h s t e l l o y  C-276 specimen (Fig.  8) 

showed t r a n s g r a n d a r  s u l f  i d a t i o n ,  and inconel  5251 ( F i g .  9)  and Carpenter  

20Cb-3 showed i n t e r g r a n u l a s  c racks .  The Inconel  625 speciiiien was non- 

wel..ded; howe.ver, the c r a c k s  i n  the o t h e r  specimens occurred  i n  t h e  ve lds .  

Weld area c rack ing  was a l s o  observed i n  two specimens exposed i n  t h e  d i s -  

s a l v e r ,  a l l .oy 800H (Fig.  10) and Thconel 52s  ( F i g .  11). I n  g e n e r a l ,  t h e  

h igh -n icke l  a l l o y s  performed poor ly  because of s u l f i - d a t i o n  as expected.  

‘The t h i r d  round of teSii.ilg i n  t h e  Fort  L e w i s  separator v e s s e l s  

y i e l d e d  similar r e s u l t s  t o  t he  previ.ous exposures .  The a m u n t  of a t t a c k  

( b o t h  genera l  c o r r o s i o n  and c rack ing)  w a s  g r e a t e r  i n  the  h igh  p r e s s u r e  

s e p a r a t o r  t han  i n  the o t h e r  two v e s s e l s ;  howeverg except  f o r  t h e  high- 

n i c k e l  a l l o y s ,  t h e  c o r r o s i o n  rate w a s  s t i .11  w i t h i n  a c c e p t a b l e  ranges.  The 

2 5  Cr-1 Mo d i s p l a y e d  t h e  bes t  r e s i s t a n c e  t o  c o r r o s i o n  and cracking .  Mast 

of  t h e  type  /+lo specimens e x h i b i t e d  transgranii1.ar c r ack ing  and /o r  heavy 

p i t t i n g .  The h igh-n icke l  a l l o y s  were a g a i n  s u l f i d i z e d ,  bu t  t he  a t t a c k  was 

no t  as seve re  as was noted p rev ious ly  f o r  t:he specimens from the  d i s s o l v e r  

v e s s e l .  Three austen-i  t i c  s t a i n ] - e s s  s t ee l .  specimens i n  t he  h igh  p r e s s u r e  

s e p a r a t o r  showed small i n t e r g r a n u l a r  p e n e t r a t i o n s  a f t e r  2707 h :  t y p e s  

304L, 321, and 347 (Fig.  12). 





F i g ,  8. Waste l loy  C-276 U-bend Specimen hfller Exposure i n  the  
Fort L e w i s  SRC P i l o t  Plant High Pressure Separator (2800 h) .  



Fig .  9. Tnconel 625 IJ-Bend Specimen Cracked After Exposure in the 
High Pressure  Separator at F o r t  Lewis  ( 2 8 W  h at Temperature). 
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Y-3 68587 

Pig. 10. AI l o y  80012 Specimen V a s  Ex tens ive ly  Attacked,  P a r t i c u l a r l y  
Near Weld. This U-bend had been exposed  i n  t he  ForL Lewis d i s s o l v e r  f o r  
2600 h at o p e r a t i n g  teinpral tire, (a) Cracking and ssil fidation led t o  
t h i n n i n g  of w e l d .  
f u l l y  p e n e t r a t e  the a l l o y .  

(ti) Sir l f idat iot i  a t t a c k  occurred  from ihe cracks t o  more 
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Fig. 11. Sulfidation Attack and Cracking of Inconel 6 2 5 .  T h i s  U-bend 
specimen was exposed i n  the F o r t  L e w i s  dissolver for 2600 h a t  o p e r a t i n g  
t empera tu re .  Note the dendt - i l i c  na tu re  of the p e n e t r a t i o n s ,  ind ic-a t ing  
t h a t  the a t tack  is  i n  the weld. 

F ig .  12 I n t e r g r a n u l a r  Penetrat ions Were Observed i n  Aus ten i t : i c  
S t a i n l e s s  S t e e l s  A f t e r  2707 la of K x p o s u r ~  i t 1  the Fort  Lewis  High Pressure 
Separator ,  Sec t io r i  i s  f'rom a t ype  341 s t a i n l e s s  s tee l  U-bend. 
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The performance of t t i e s~  materials d i f  f e r r d  c o n s i d e r a b l y  i n  the For t  

L e w i s  wash s o l v e n t  column (Table 7)  and the Wilsonville f r a c t i o n a t i o n  

col imn (Table  8). l'hr 26 C r - 1  Mo had the  h i g h e s t  c o r r o s i o n  ra te  0 2 . 3  

m i / y e a r ) ,  and the high-nickel  a l l o y s  showed the b e s t  rcsi stance t o  atcack; 

however, i n t e r g r a n u l a r  a t t a c k  was Sound on a l l o y  800if (Pig.  13) and Lncosrel. 

QOQ (Fig.  14).  The f r a c t i o n a t i o n  a r e a  environment c o n t a i n s  c o n s i d e r a b l y  

less s u l f u r  and is  g e n e r a l l y  a t  a lower temperature than the  area around 

the d i s s o l v e r ,  thus  minimizing sulfidation. The a u s t e n i t i c  s t a i n l e s s  

s tee l s  perforrued poor ly  i n  tlkis area, wi th  c o r r o s i o n  rates of aroiind 

1 mm/year at Fort  T,ewis, The lower c o r r o s i o n  r a t e s  aL  Wilsonville are 

due  t o  the u5e oE sodiun carbonate  a d d i t i o n s  t o  c o n t r o l  c o r r o s i o n .  'lliese 

a d d i t i o n s  were n e c e s s i t a t e d  by a g r e a t l y  a c c e l e r a t e d  c o r r o s i o n  that 

began i n  1978 and is  tholight t o  be a s s o c i a t e d  w i t h  o r g a n i c  compounds and 

Fig.  13. I n t e r g r a n u l a r  Cracking Occurred on A l l o y  800H U-Read 
Specimen Exposed f o r  5341 h i n  the Middle of the F r a c t i o n a t i o n  Colutim a t  
W i l s o n v i l l e ,  
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Fig.  14. Incone l  600 U-Bend Specimen Was I n t e r g r a n u l a r l y  Attacked 
A f t e r  5341 h Exposure i n  W i l s o n v i l l e  F r a c t i o n a t i o n  Column Near t h e  Middle 
Manway. 

c h l o r i d e . 1 2  

F o r t  L e w i s  s i n c e  s t a r t u p  i n  1974,397 

s t a i n l e s s  s t ee l  U-bends a t  For t  L e w i s  w a s  a g e n e r a l  s u r f a c e  a t t a c k  wi th  

some p i t t i n g .  More p i t t i n g  was found on t h e  W i l s o n v i l l e  specimens,  wi th  a 

c o n s i d e r a b l e  amount of t r a n s g r a n u l a r  c r ack ing  on types  304L, 3105, 321, 

and 347 (Figs .  15-18). The c rack ing  network on t h e s e  specimens is very  

similar t o  the  ch lor ide- induced  c rack ing  of t he  type  316 vent  l i n e  

(F ig .  4 ) .  

been observed i n  t h i s  v e s s e l  a t  t h e  same t i m e  t h e  c o r r o s i o n  ra te  

The h igh  c o r r o s i o n  rates have been endemic t o  t h i s  area at: 

Most of t h e  a t t a c k  on t h e  a u s t e n i t i c  

Extens ive  i n t e r g r a n u l a r  c r ack ing  of t he  type  304 c l add ing  had 

i n c r e a s e d .  12 

DISCUSSION 

The view g e n e r a l l y  h e l d  by p rocess  deve lope r s  i s  t h a t  t h e  c o a l  

l i q u e f a c t i o n  streams a f t e r  d i s s o l u t i o n  are very  similar t o  crude o i l  

r e f i n e r y  streams (excep t  f o r  the presence  of s o l i d s ) ,  and t h a t ,  t h e r e f o r e ,  

t h e  materials problems should  be amenable t o  c u r r e n t  o i l  i n d u s t r y  

p r a c t i c e s .  Most of t h e  cracking observed i n  petroleum r e f i n e r i e s  is 

i n t e r g r a n u l a r  and i s  u s u a l l y  a t t r i b u t e d  t o  p o l y t h i o n i c  acid a t t a c k .  l3-I8 
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Fig. 15. Transgranular  Cracking on Type 304L S t a i n l e s s  S t ee l  U-Bend 
Exposed f o r  5341 h i n  the Middle of t h e  Wil.sonville F r a c t i o n a t i o n  Column. 

Pig. 16. Type 310s S t a i n l e s s  S t e e l  U-Eend Specimen N s p l a y e d  
T r a n s g r a n u l a r  Cracks After 5341 h Exposure i n  the Middle of t h e  
F r a c t i o n a t i o n  Column a t  t h e  W i l s o n v i l l e  SRC P i l o t  P lan t .  



Fig.  17. Transgranular  Cracking of Type 321 S t a i n l e s s  S t e e l  U-Bend 
Specimen Exposed f o r  534 1 t i  in the >fiddle of t h e  Wilsonville F r a c t i o n a t i o n  
Colunm. 

Fig. 18. ‘Type 347 S t i i i n l e s s  S t ee l  [!-Bend S p e c i m e n  Exposed i n  the 
Middle of t h e  Wilsonville F r a c t i o n a t i o n  Column f o r  5341 h. Showcd 
‘CransgranuLir S t r e s s  Corrosion Cracking. 
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Genera l ly ,  p o l y t h i o n i c  a c i d  stress c o r r o s i o n  c r a c k i n g  o c c u r s  i n  

a u s t e n i t i c  s t a i n l e s s  steels t h a t  are s e n s i t i z e d ;  t h a t  i s ,  they  have a 

chromium-depleted r e g i o n  a d j a c e n t  t o  g r a i n  boundaries  a t  which chromium 

c a r b i d e s  have p r e c i p i t a t e d .  The format ion  of p o l y t h i o n i c  a c i d  r e q u i r e s  an  

i n t e r a c t i o n  between s u l f i d e ,  mois ture ,  and oxygen, which are p r e s e n t  i n  

c o a l  l i q u e f a c t i o n  systems as w e l l  as i n  r e f i n e r i e s .  S u l f i d e  is p r e s e n t  i n  

t h e  c o a l  l i q u e f a c t i o n  environment,  e s p e c i a l l y  i n  and near t h e  r e a c t i o n  

areas  i n  t h e  Eusm of 112s or as a c o r r o s i o n  product  on t h e  metal s u r f a c e .  

The mois ture  may a l r e a d y  be present  i n  t h e  c o a l  but may a l s o  r e s u l t  from 

washing o r  steaming t h e  v e s s e l  d u r i n g  shutdowns. Oxygen i s  obta ined  from 

t h e  a i r  t h a t  e n t e r s  whenever the  v e s s e l  i s  opened. Thus, whi le  t h e  h i g h  

tempera ture  of o p e r a t i o n  i s  what causes  t h e  s e n s i t i z a t i o n  of t h e  s t a i n l e s s  

s t e e l ,  t h e  p o l y t h i o n i c  a c i d  does not form u n t i l  t h e  v e s s e l  i s  exposed t o  

a i r  a t  ambient temperature  d u r i n g  shutdown. 

P o l y t h i o n i c  a c i d  a t t a c k  i s  c o n t r o l l e d  i n  r e f i n e r i e s  by materials 

s e l e c t i o n  a n d / o r  p r e c a u t i o n s  taken  d u r i n g  shutdowns. The use of t h e  sta- 

b i l i z e d  grades  of s t a i n l e s s  s teels  ( t y p e s  322 and 3 4 7 )  i s  recommended 

where p o l y t h i o n i c  a c i d  format ion  may be expected.  These s teels  c o n t a i n  

a l l o y i n g  a d d i t i o n s  t h a t  f o r u  c a r b i d e s  of g r e a t e r  s t a b i l i t y  t h a n  chromium 

c a r b i d e  and t h u s  m a i n t a i n  c o r r o s i o n  p r o t e c t i o n .  The o t h e r  method used f o r  

c o n t r o l l i n g  poly Lhionic  a c i d  stress c r a c k i n g  is  s p e c i f i e d  i n  NACE Standard 

RP-01-70, Recoramended P r a c t i c e  f o r  " P r o t e c t i o n  of A u s t e n i t i c  S t a i n l e s s  

S t e e l  i n  R e f i n e r i e s  Against  Stress Corrosion Cracking by Use of 

N e u t r a l i z i n g  S o l u t i o n s  During Shut Down." The use oE soda a s h  o r  ammonia 

s o l u t i o n s  t o  wash down t h e  s t a i n l e s s  s t ee l  s u r f a c e s  has  been shown t o  

c o n t r o l  t h e  problem; however, t h i s  procedure i s  seldom iised fo r  low-alloy 

s tee1 v e s s e l s  wi th  s t a i n l e s s  s tee l  o v e r l a y  because i t  is d i f f i c u l t  arid 

expens ive  l 4 ,  l 6  

g e n e r a l l y  d u r i n g  shutdowns a t  c o a l  l i q u e f a c l i o n  p l a n t s ,  a l though 

p o l y t h i o n i c  a c i d  c r a c k i n g  has  been found. It i s  expected t h a t  f u t u r e  

g e n e r a t i o n  v e s s e l s  w i l l  be made of a low-alloy s tee l  o v e r l a i d  w i t h  

annea led  type  347 s t a i n l e s s  s t ee l  and t h u s  no problems w i t h  p o l y t h i o n i c  

a c i d  c r a c k i n g  are a n t i c i p a t e d .  16, l g e 2 ]  

Consequently,  n e u t r a l i z i n g  s o l u t i o n s  have not  been used 

While r e f i n e r y  exper ience  d e a l s  very  s a t i s f a c t o r i l y  w i t h  t h e  

i n t e r g r a n u l a r  c r a c k i n g  caused by t h e  format ion  of p o l y t h i o n i c  a c i d s ,  t h e r e  
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is  no similar in fo rma t ion  d e a l i n g  wi th  the t r a n s g r a n u l a r  c r ack ing  caused 

by c h l o r i d e s .  Klom13 s u g g e s t s  t h a t  p o l y t h i o n i c  a c i d  s o l u t i o n s  c o n t a i n i n g  
c h l o r i d e s  w i l l  cause  t r a n s g r a n u l a r  stress c o r r o s i o n  c rack ing  and Brophy 14 

mentions t r a n s g r a n u l a r  c h l o r i d e  c rack ing ;  however, most OE t he  emphasis i s  

p laced  on p o l y t h i o n i c  a c i d  a t t a c k .  It  i s  suspec ted  t h a t  t h e  l a c k  of 

emphasis on c h l o r i d e  a t t a c k  i s  due t o  i t s  inf requency  i n  r e f i n e r i e s  s i n c e  

c rude  o i l s  c o n t a i n  r e l a t i v e l y  l i t t l e  c h l o r i d e .  On t h e  o t h e r  hand, t he  

c h l o r i d e  con ten t  of t he  c o a l  Eeed may be as much as 0.29% (by we igh t ) ,  

c o n s i d e r a b l y  more than  t h e  less than  50 ppm g e n e r a l l y  encountered i n  

d e s a l t e d  c rudes .  Thus, whi le  c h l o r i d e  c r a c k i n g  i s  not  a common problem 

i n  r e f i n e r i e s ,  i t  may pose a v e r y  s i g n i f i c a n t  problem i n  c o a l  l i q u e f a c t i o n  

s y s t  erns. 

Experience a t  the  W i l s o n v i l l e  p l a n t  has  shown t h a t  ch lor ide- induced  

t r a n s g r a n u l a r  c r ack ing  of a u s t e n i t i c  s t a i n l e s s  steels has  occurred.  The 

p resence  of c h l o r i d e s  has a l s o  been a s s o c i a t e d  wi th  the  seve re  g e n e r a l  

c o r r o s i o n  problem i n  t h e  f r a c t i o n a t i o n  area. The a u s t e n i t i c  s t a i n l e s s  

steel  U-bends examined from t h i s  area c l e a r l y  d i s p l a y  t h e  type  of t r ans -  

g r a n u l a r  c r ack ing  u s u a l l y  a s s o c i a t e d  wi th  c h l o r i d e s .  Chlor ide  c rack ing  of 

t y p e  316 s ta in less  s teel  w a s  observed i n  t h e  EDS demonst ra t ion  unit i n  

areas where condensa t ion  of water occurred .22  

c r a c k i n g  observed at F t .  L e w i s  was i n t e r g r a n u l a r  and a t t r i b u t e d  t o  poly- 

t h i o n i c  a c i d  a t t a c k ,  some c h l o r i d e  stress c rack ing  w a s  a l s o  i d e n t i f i e d .  

Although most of t he  

Examination of t h e  U-bend specimens exposed at t h e  F t .  L e w i s  SKC 

p i l o t  p l a n t  has  y i e l d e d  some in fo rma t ion  on t h e  types  of a l l o y s  t h a t  m y  

be s u i t a b l e  f o r  c e r t a i n  c r i t i ca l  p l a n t  l o c a t i o n s .  In v e s s e l s  a t  e l e v a t e d  

t e m p e r a t u r e  wi th  a s u l f u r - r i c h  environment ,  the  n icke l -base  a l l o y s ,  as a 

class,  tend  t o  be u n s u i t a b l e  s i n c e  they  are s u s c e p t i b l e  t o  s u l f i d a t i o n .  

Other  materials t h a t  performed poor ly  i n  t h e  d i s s o l v e r - s e p a r a t o r  area were 
a l l o y s  800 and type  410 s t a i n l e s s  s teel ,  both  of which were cracked i n  

more than  one specimen. The a u s t e n i t i c  s t a i n l e s s  steels performed w e l l  i n  

t h i s  h igh- tempera ture ,  s u l f u r - r i c h  environment ,  a l t hough  they  e x h i b i t e d  

some tendency toward p i t t i n g .  S ince  t h e s e  tests were r e l a t i v e l y  s h o r t  

term, i t  is d i f f i c u l t  t o  assess the  long-term e f f e c t s  of t h e  l o c a l i z e d  

a t t a c k .  It is  p o s s i b l e  t h a t  t h e s e  p i t s  may have e v e n t u a l l y  a c t e d  as 

i n i t i a t i o n  s i tes  f o r  c racking .  
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In the lower tempera ture  anti s u l f u r  environment of the  wash s o l v e n t  

colurnn, t he  n icke l -base  a l l o y s  e x h i b i t e d  s u p e r i o r  c o r r o s i o n  and c rack ing  

resistance.  The 26 C r - l  No a l l o y  should not  be cons ide red  f o r  t h i s  

a p p l i c a t i o n .  A l s o ,  the  a u s t e n i t i c  s ta inless  s teels  a r e  not s a t i s f a c t o r y  

i n  t h i s  environment.  The corrosi-on problems i n  the f r a c t i o n a t i o n  areas a t  

bo th  S R C  p l a n t s  are under i n t e n s i v e  investigari-clri  and are more f u l l y  

explored  elsewhere.7312,23 

Genera l ly ,  we found t h a t  t he  presence  o f  a weld, even i n c l u d i n g  the 

p o s s i b l y  s e n s i t i z e d  material i n  the HAZ,  d i d  not  a f f e c t  tlie c r ack ing  

r e s i . s t ance  of t h e  a l l o y .  Those a l l o y s  t h a t  were a t t a c k e d ,  such as 

a l l o y  800H and type 410 s t a i n l e s s  s t e e l ,  showed c rack ing  i n  t h e  welds and 

i n  areas t h a t  were not  welded, !de al.so observed,  however, t h a t  where R 

speci.uren w a s  a t t a c k e d  i n  both  r eg ions  t h a t ,  i n  gene ra l ,  t h e  a t t a c k  was 

rnore seve re  in the  welded area. 

S ince  the U-bend exposures  a t  Fort  Lewis  were b a s i c a l l y  shor t - te rm 

t e s t s  under  uncon t ro l l ed  c o n d i t i o n s  l a b o r a t o r y  tests have been i n i t i a t e d  

a t  OWL t o  complement t h e  p l a n t  exposures .  These t e s t s  w.i11. i nc lude  

exposure:; i n  s u l f u r  a c i d s  containi-rig c h l o r i d e  a d d i t i o n s ,  and a u t o c l a v e  

exposures  of U-bend spec-i-mens and c o n s t a n t  e x t e n s i o n  ra te  tests i n  simu- 

l a t e d  environments .  The l a t t e r  tost i s  much more seve re  than t h e  U-bend 

tes& because it  con t i r iua l ly  produces c r a c k s  o r  d e f e c t s  i n  the  norinally 

p r o t e c t i v e  p a s s i v e  f i l m .  In t h e s e  c o n t r o l l e d  c o n d i t i o n s  furtklec s t u d i e s  

w i l l  be m d e  t o  assess the  c rack ing  p n t e n t i z l ,  par t icu lar1 .y  of t h e  

a u s t e n i t i c  s t a i n l e s s  s teels .  Exposure of U-bends i n  the  p i l o t  p l a n t s  i s  

a l so  con t inu ing .  Furthermore,  i t  i s  in t ended  chat an a t t e m p t  be made t o  

i n c o r p o r a t e  o v e r l a i d  materials i n t o  the t e s t i n g  p r o g r a i ,  a l t hough  we 

r ecogn ize  t h e  d i f f i c u l t y  i n  approximating the s t ress  s t a t e  and ove r l ay  

c o n f i g u r a t i o n  w i t h  the U-bend tes t .  The r e s u l t s  of t h e s e  con t inu ing  

examinat tons  w i l l  be r e p o r t e d  l a t e r .  

The expe r i ence  wi.th c rack ing  i n  refineri.es is very r e l e v a n t  t o  h a t  

has occurred  i n  the SRC p i l o t  p l a n t s ,  e s p e c i a l l y  wi th  regard  t o  poly-  

t h i o n i c  a c i d  a t t a c k ;  however, enough d i f fe reraces  exis t  between t h e s e  

t e c h n o l o g i e s  t o  warrant  c a s e f u l  examinat ion.  I n  p a r t i c u l a r ,  w h i l e  many 

of the o r g a n i c  compounds i n  coal l i q u e f a c t i o n  process  streams are a l s o  
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p r e s e n t  i n  c rudes ,  t h e r e  are l a r g e r  v a r i a t i o n s  i n  r e l a t i v e  amounts of 

t h e s e  compounds i n  the former,  e s p e c i a l l y  wi th  regard  t o  c h l o r i d e  con ten t .  

A u s t e n i t i c  s t a i n l e s s  steels are n o t o r i o u s l y  s u s c e p t i b l e  t o  c h l o r i d e  s t r e s s  

c racking .  Therefore ,  t h e  s e l e c t i o n  of 300-ser ies  s ta intess  steels t o  

c o u n t e r  p o l y t h i o n i c  a c i d  environments  could  l e a d  t o  inadequa te  r e s i s t a n c e  

t o  c h l o r i d e  a t t a c k  i n  coa l -der ived  l i q u i d s .  It must be noted a l s o  t h a t  it 

i s  r i s k y  t o  a s s i g n  envi ronmenta l  blame on t h e  b a s i s  of c r a c k  morphology. 

It h a s  been observed  i n  o t h e r  s y s t e m s ,  most no tab ly  pu re  wa te r ,  t h a t  

c h l o r i d e s  can  be a s s o c i a t e d  wi th  i n t e r g r a n u l a r  c racking .  24-28 T h u s ,  

c r a c k s  t h a t  have been d i smis sed  as due t o  p o l y t h i o n i c  a c i d  and t h u s  ea s i ly  

a v o i d a b l e  may i n  r e a l i t y  pose a more s e r i o u s  problem. These unknowns 

n e c e s s i t a t e  complete  documentat ion oE materials expe r i ence  i n  o p e r a t i n g  

p l a n t s  and research i n t o  f a c t o r s  t h a t  may c o n t r o l  s t r e s s  c o r r o s i o n  

behav io r  in c o a l  l i q u e f a c t i o n  systems. Tn p a r t i c u l a r ,  f u r t h e r  i n v e s t i g a -  

t i o n  of t h e  e f f e c t  of c h l o r i d e  l e v e l s  i n  c o a l  and t h e  combined a t t a c k  o f  

p o l y t h i o n i c  a c i d  and ch lo r ides  on s t a i n l e s s  steels i s  necessa ry  be fo re  any 

a u s t e n i t i c  s t a i n l e s s  steels can  be safe1.y recommended f o r  Long-term u s e  i n  

t h e  c r i t i c a l .  preheater-dissolver-separat ion reg ions .  

ACKNOWLEDGMENTS 

The a u t h o r s  wish t o  thank t h e  s t a f f  and management of C a t a l y t i c ,  

Tnc., a t  the W i l s o n v i l l e  SRC p i l o t  p l a n t ,  and of P i t t s b u r g  and Midway Coal 

Mining Company, a t  t h e  F o r t  L e w i s  SRC p i l o t  p l a n t ,  f o r  t h e i r  coope ra t ion  

i n  a l lowing  access t o  p l a n t  v e s s e l s  and o p e r a t i n g  c o n d i t i o n s ,  placement of 

s u r v e i l l a n c e  specimens,  and p rov id ing  p rocess  stream samples. We appre-  

c i a t e  t h e  a s s i s t a n c e  of the g l l o y  manufac tu re r s  who s u p p l i e d  us w i t h  p l a t e  

samples .  W e  a l s o  thank V. T. Houchin and J. F. King f o r  provid ing  t h e  

welds ,  J. R. Mayotte f o r  a s s i s t i n g  i n  t h e  me ta l log raph ic  examinat ion,  and 

M. Howell €o r  a s s i s t i n g  w i t h  specimen p r e p a r a t i o n  and examinat ion.  

F i n a l l y ,  w e  a p p r e c i a t e  t h e  h e l p  of 3. C. Griess and R. W. Swindemann f o r  

rev iewing  t h e  manuscr ip t ,  M. K. Sheldon f o r  e d i t i n g  t h e  manuscr ip t ,  and 

S. G. Frykman f o r  f i n a l  p r e p a r a t i o n  of t h e  r e p o r t .  



36 

REFERENCE S 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

B. K. Schmid and D. 14. Jackson,  " ' . e  SRC-11 Process ,"  paper  p re sen ted  

a t  t h e  Third Annual I n t e r n a t i o n a l  Conference on Coal G a s i f i c a t i o n  

and L ique fac t ion ,  U n i v e r s i t y  of P i t t s b u r g h ,  Aug. 3-5, 1976. 

H. E. L e w i s  e t  a l . ,  Solvent Refined Coal ( S R C )  Process: Operation 

of Solvent Refined Coal P i lo t  Plant at- V i l sonv i l l e ,  Alahma, 

FE/2270-(1-55). Monthly, q u a r t e r l y ,  and annual  t e c h n i c a l  p rog res s  

r e p o r t s  are a v a i l a b l e .  

Solvent Refined Coal (SRC) P?-ocess, FE/496-(1--175). Monthly, 

q u a r t e r l y ,  and annual  t e c h n i c a l  p rog res s  r e p o r t s  are a v a i l a b l e .  

S. D. Snyder and B. C. L e s l i e ,  In-Service lnspect ion of the Dissolver 

Tank i n  the Solvent-Ref ined Coal P i l o t  Plant ~ z t  Wilsonvi l le ,  Alabama, 

ORNL/TM-6277 ( A p r i l  1978). 

J. H. DeVan, B. C. Leslie, and R. T. King, Analysis of Ylind Flange 

ad Thermowell Assembly f Torn iJiZsonui1 l e ,  Alabama, Solvent Refined 

Coal Plant Dissolver Tank, OKNL/TM-6379 ( J u l y  1978). 

J. R. Keiser e t  a l . ,  KxaJninaL'?:on of Type 31 6 S ta in less  Steel  Pipe 

Srom Nilsonvi l le ,  4Zabarna, Solvent Refined Coal P i lo t  Plant,  r e p o r t  

i n  p repa ra t ion .  

D. R. Canf i e ld ,  S. Lbarra ,  and J. D. McCoy, "SRC Corros ion  Can be 

Solved ,"  Hydrocarbon Process. 203-08 ( J u l y  1979). 

A. M. Henke, " I n s p e c t i o n  of Tacoma SRC Vessels," Gulf i n t e r n a l  

cor respondence  t o  J. K. Ward da ted  Sept .  24, 1975, r e f c r c n c e  

5605TG047, NBS F a i l u r e  Report 348. 

C. I). Ackerman and D. R. Canf i e ld ,  " I n s p e c t i o n  and Cleaning of 02 

Vessels Gulf i n t e r n a l  correspondence t o  N. A. Greenlee da t ed  

Sept .  9,  1976, r e f e r e n c e  17.2.3.7.7.2, NBS F a i l u r e  Report 347. 

P i t t s b u r g  and Midway Coal Mining Company, Solvent Refined Coal (SRC) 

Process: Monthly Report for  the  Period October 1978, FEl49S-159. 

M. G. Fontana and N. D. Greene, Corrosion Engineering, 2d ed.,  

M c G r a w - H i l l ,  New York, 1978, p. 398. 

V. H. Baylor e t  ale, Analysis of T I 0 5  Fractionation CoZumI Failure at 

the  Wilsonvi l le ,  Alabmu, Solvent Refined CoaZ ( S R C )  P i l o t  Plant,  

OKNLITM-7327 ( J u l y  1980). 



13, 

1 4" 

15. 

16. 

17.  

18. 

19. 

2 0. 

2 1. 

22 .  

2 3. 

2 4. 

2 5 . 

U. Mom, " P o l y t h i o n i c  Acid Cracking i n  S t a i n l e s s  Steel  and Alloys,"  

Cham. Econ. Eng.  Reu. 4 ( 4 ) :  47-56 (1972). 

A. J. Brophy, " S t r e s s  Corros ion  Cracking of A u s t e n i t i c  S t a i n l e s s  

S t e e l s  i n  R e f i n e r y  Environments," Mater. Perform. 13(9) : 9-15 (1974). 

C. H. Samans, " S t r e s s  Corros ion  Cracking S u s c e p t i b i l i t y  of S t a i n l e s s  

Steels  and Nickel-Base Alloys i n  P o l y t h i o n i c  Acids and Acid r a p p e r  

S u l f a t e  S o l u t i o n , "  Corrosion 20: 2 5 6 t 4 2 t  (1964). 

E. Lendvai-Lintner,  " S t a i n l e s s  S t e e l  Weld Overlay R e s i s t a n c e  t o  

P o l y t h i o n i c  Acid At tack ,"  Mater. Perform. IS( 3 ) :  9-16 (1979). 

A. V. A l l e s a n d r i a  and N. Jaggard,  " R e f i n e r s  Report  New Cases of 

S t a i n l e s s  Steel .  F a i l u r e , "  P e t .  Refiner 39: 151-56 (1960). 

J. J. Heller and C. R. P x e s c o t t ,  "Cracking of Stainless S t e e l s  i n  

Wet S u l f i d i c  Environments i n  Ref inery  I l n i t s , "  !dater. *ot. 4:  IF-18 

(1965) .  
P r i v a t e  communication, J. Sore l l ,  Exxon Research and Engineer ing 

Company, Florham Park, N. J., 1 9 7 8 4 0 .  

P r i v a t e  communication, S. J. I b a r r a ,  Gulf Sc ierice and Technology 

Company, P j  t t s b u r g h ,  Pa., 1978-80. 

Private communication, K. L. Raumert, Air Products  and Chemical, 

Inc. ,  Allentown, Pa., 1979. 

E. Lendvai-Lintner and G. S o r e l l ,  "Materials E v a l u a t i o n  Program f o r  

t h e  Exxon Donor Solvent  Coal L i q u e f a c t i o n  Process ,"  Mater. Perform. 
19(4) :  19-25 (1980). 

V. R.  Baylor e t  a l . ,  Corrosion of the Wash Solvent Colmn a t  the 

Forb Leuis, Wadzington, Solvent R e f i n e d  CoaZ Pi10-t Plant, report: 

i n  p r e p a r a t i o n .  

R. W. S t  a e h l e ,  "Materials - Environment Viewpoint f o r  h e l  iorating 

S t r e s s  Corros ion  Cracking, " paper  p r e s e n t e d  a t  ERDA Stress Corros ion  

Cracking Workshop, Germantown, Md., February 1976. 

J. E. S l a t e r  and R. W. S t a e h l e ,  A Study of t he  Mechanhms of Stresa  

Corrosion Cmck ing  i n  the Iron-NickeZ-Chromium AZ t oy  SyGtem in 

Chlorids Ehvironments, Ohio S t a t e  U n i v e r s i t y  Report  COO-2069-16 

( 4 - 4 )  (March 19Sl> ,  



38 

26.  C. F. eheng, “ I n t e r g r a n u l a r  Corrosion Cracking of ‘lype 304 S t a i n l e s s  

S t e e l  i n  Water-Cooled Reac tors ,“  Reactor Techno%. 13(3) :  310-19 

(1970). 

2 7 ,  S, P. Kideout ,  “Stress Corrosion Cracking of Type 304 S t a i n l e s s  Steel  

in High Purity Water,“ 2d Tnt. Cong. Metallic Corrosion, NACE, New 

York, March 1963. 

28,  K. W. S t a e h l e ,  “Stress Corrosion Cracking of the Fe-Cr-Ni Alloy 

System9’* pp. 223-88 i n  Theory of S t res s  Corrosion Cracking in Alloys, 
J. C. S c u l l y ,  Ed., NATO, B r u s s e l s ,  1971. 



39 

ORNL/TM-7513 
D i  s t r i  but: i o n  
Category UC-90,  
4, -h 

I NTEKNAL 13 IST K L  BUT ION 

1-2 * 
3. 

4-5. 
6, 
7 .  

8-1 2, 
1.3-1 7.  

18. 
19. 
2 0. 
2 I. 
2 2. 
2 3. 
2 4 .  

2 5. 
26. 
27. 
2 8. 
29. 
3 0. 
3 1. 
3 2. 
3 3. 
34. 
3 5. 
36. 
37. 

38-40, 
4 1. 
4 2 .  
4 3. 
4 4. 
45.  
45.  

47-51. 
5 2. 
5 3. 
5 4. 

Central  Research Library 
Document Refermce Sec.t ion 
l a b  o rat (2 r y Re c o r d s De p a r  trne n t 
laboratory Rerords,  ORNl. RC 
ORNL Parent  Sect  i o n  
14, D. Allen 
IT. 13. Baylcr  
J. P. Belk 
R. A. Bradley 
F. S ,  B r i n k l e y  
0. A. Cationieo 
P. K. Carlsoti 
G. M. Caton 
W. I), Cochrnii 
b:. 6 .  GiViS 
J. He &Van 
R. G. Donncl ly  
D. P. Edrnonds 
J. L. E p l e r  
P, J. Ficalora 
A. P. Fraas 
W. K. Garnbill 
're G, Godfrey, ,Jr. 
G. M. Goodwin 
W. W. Coolsby 
J. P. Hammond 
K. K. Hess l - ey  
M. R. HilL 
R, S. Holc-omb 
J. K. H u f f s t e t l e r  
H. Inouye 
A. R. I rv ine  
J. E. Jones ,  Jr. 
K. K. .Judkins 
.J. K. Keiser 
A. A. Khan 
R. P. Krishnan 
R. .J. Lauf 

55-59, 
60. 
61. 
62 .  
63. 
6 4 ,  
6.5. 
66. 
67. 
68. 
69. 
7 0. 
71. 
7 2. 
7 3. 
7 4 .  
7 5. 
76. 
7 7. 
78. 
79. 
80. 
81. 
8%. 
83. 
84. 
85. 
86. 
87.  

89. 
90. 
91. 
92. 
93.  
94. 
95. 
96. 

88. 

E. ,J. Lawrence 
H. C. L e p , l i e  
J. S. L i n  
K, H. L i n  
K. C.  L i u  
C. J. Long;, Jr. 
E. L. Long, J r .  
F. E. Lynch 
J. W. McEiierney 
L. E. McNeese 
C. S .  Morgan 
B. Niemann 
A. R. 0lst.n 
A. E. Yasto 
T. 1J. Pickel 
L" w. Rickert  
P. L. Ri t tenhousr  
S. Y. S h i m  
V. K. S i k k a  
M. Sirnan-'I'ov 
G. M. S laughter  
C .  B. S m i t h  
J. H. Smiz-h 

T. N. T i e g s  
R. 'I 'riola 
E?. J .  Malsh 
R. M. Wham 
C:. L. Whj t e  
W. R. Williams 
E. L. Yourigblood 
A. L. Bement, Jr. ( C o n s u l t a n t )  
E. H. Kottcamp, .Jr. (Consu l t an t )  
Alan Lawley  ( C o n s u l t a n t )  
T. R. Massalski ( C o n s u l t a n t )  
M. 3.  Mayf i e l d  (Consu l t an t )  
R. H. Redwine (Consu l t an t )  
.John S t r i n g e r  (Consu l t an t )  

A.  T. Thornpson 



40 

EXTERNAL TICSTRIBUTION 

97.  A I R  PRODUCTS AN13 CHEMICAXS, I N C . ,  P.O. Box 538, Allentown, 
PA 18105 

K. L. Rai.arne~~t 

98. ALLEGHENY LUDLIJM STEEL CORPORATION, Research CRnter , Alabama and 
P a c i f i c  Avenues, Brackenridge,  FA 15014 

M .  A. Lula 

99. ARGONNE NATIONAL LABORATORY, 9700 South Cass Avenue hsgonne TL 
60439 

K. W. Wecks 

100-102. ASBLAN'U SYNTHETIC FUELS, INC. ,  P.O. Box 391, Ashland, KY 41101 

K. S c h u t t e r  
R. N. Searles 
G. Tampa 

103. BATTELLE-COLUMBUS LABOKATORIES, 505 King Avenue , Columbus 
O N  43201 

U.  Maykiirh 

104. CABOT CORPORATION, High Technology Materials Divis ion ,  
4650 S. Pinemont: Street ,  S u i t e  130, Ilouston, TX 77041 

J. H. Hunkapi l la r  

105. CABOT CORPORATION, High Technology Elatenrials Div is ion ,  
1020 West Park Avenue, Kokomo, I N  46301 

A. I. Asphahani 

106-107. CATALYTIC, INC. ,  Center Square West, 1500 Market Street , 
P h i l a d e l p h i a ,  PA 19102 

J. Ciccalese 
K. C. Taber 

108-111. CATALYTIC, TNC., Highway 25 North, Wilsonville, AL 35186 

W. P. Rarne t t  
G .  Boykin 
H. Le L e w i s  
H. Blair  

112. CRUCIBLE, I N C . ,  Materials Research, P.O. Box 88, Parkway West 
and Route 60, P i t t s b u r g h ,  PA 15230 

J. J. Eckenrod 



41 

113. ELECTRIC POWER RESEARCH INSTITUTE, Highway 25 North, W i l s o n v i l l e ,  
AL 35186 

W. Weber 

114. ELECTRIC POWER KESEARCH INSTITUTE 34 1 2  H i l l v i  e w  Avenue, Palo 
A l t o ,  CA 94304 

R. 1. J a f f e e  

115. EXXON COMPANY, USA, Exxon Coal  L i q u e f a c t i o n  P i l o t  P l a n t ,  
5011 Baker Road, Saytown, TX 77520 

E. Lendvai-Lintne r 

116. EXXON WSEAKCH AND ENGINEERING, P.O. Box 101, Florham Park, N.1 
07932 

G. Sore11 

117-119. GULF RESEARCH AND DEVELOPMENT CO., P.O. D r a w e r  2038, P i t t s b u r g h ,  
PA 15230 

D. 6. Damin 
S .  J. I b a r r a  
J. D. McCoy 

120-121. IOWA STATE UNLVEKSITY, A m e s ,  I A  50011 

T. E. S c o t t ,  Ames Laboratory,  126 Metals Development Bldg. 
J. K. Smyth, 110 Engineer ing Annex 

122. KENTUCKY C%NTER FOR ENERGY %SEARCH LABORATORY, I n s t i t u t e  fo r  
Mining and Minerals Research, Lron Works Pike,  Box 13015, 
Lexington, kT 40583 

A. A. Sag& 

123. HUNTINGTON ALLOYS, INC. ,  130 W. Wieuca Koad, N.E., A t l a n t a ,  
GA 30342 

J. K. Mattox 

124. HUNTINGTON ALLOYS, INC. ,  9501 Devon, S u i t e  200, Koseinont, 11, 60018 

D. W. Rahoi 

125. INTERNATIONAL NICKEL COMPANY, PNC, ,  S t e r l i n g  F o r e s t ,  S u f f e r n ,  
NY 10901 

L. R. Curwick 

126 e J O N E S  & LAUGHLIP? STEEL CORPORATLON, G r a h a m  Research Laboratory,  
900 Agnew Koad, P i t t s b u r g h ,  PA 15227 

B. P o l l a r d  



J 

42 

1 2 7 .  NAT LONAL BUREAU OF STANDARDS, Materials Bui ld ing  K-120, Gdashington 
DC 20234 

R. Dobbyn 

128-129. PLT'L'SBUKG AND MIDWAY COAL M I N I N G  COMPANY, P.O. Box 199, DuPont, 
WA 98327 

I). E. Canf ie ld  
J, Ward 

130. PITTSBURGH AND MIDWAY COAL M I N I N G  COMPANY, Orchard Place 111, 
5970 5 .  Syracuse Street ,  Englewood, CO 80111 

J. L. S t u l t s  

131. SANDVIK, T N C . ,  P.O. Box 1220,  Scranton,  PA 18501 

E. D. Montrone 

132. SOUTHERN COMPANY SERVICES, P.O. Box 2625, Birmingham, AL 98327 

E. L. Huffman 

133. SOUTHIJEST RESEARCH INSTITUTE, P.O. D r a w e r  28510, San Antonio,  'I'X 
78284 

R. Arey  

134. STANDARD 011, COMPANY (INDIANA), Amoco Research Center ,  P.O. Box 
4 0 0 ,  N a p e r v i l l e ,  It, 60540 

R. W. How 

135----139. DOE OFFICE OF FOSSIL ENERGY,  Washington, 1)C 20545 

J. Batchelor 
S. J. Dapkunas 
T. B. Siinpson 
I. Wende r 
K. Ysussef 

140----143. DOE OAK K I D G E  OPERATIONS OFFICL,  P.O. Box E ,  Oak Ridge, TN 37830 

C. W. DiRel.la 
E ,  E. Hoffman 
O f f i c e  of A s s i s t a n t  Manager f o r  Energy R e s e a r c h  and 

D e v e h p a e n t  
J. Reafsnyder 

1 4 4 - 4 3 5 .  DOE TECHNICAL INFORMATION CKNZ'EK, O f f  ice of Information Serv ices ,  
P.O. Box 62 ,  Oak Ridge,  TN 37830 

For  d i - s t r i b u t i o n  as shown i n  TLD-4.500 D i s t r i b u t i o n  Category, 
UC-90 (Coal Conversion U t i l i z a t i o n ) ;  
UC-9Od ( L i q u e f a c t i o n )  ; 
UC-301.1 ( M a t e r i a l s  and Components ). 

U S GOVERNMENT PRINTING OFFICE 1980 740 062,367 


