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SULFIDATION/OXIDATION PROPERTIES OF IRON-BASED ALLOYS 
CONTAINING NIOBIUM AND ALUMINUM* 

J. H. DeVan, H. S .  Hsu, and M. Howell 

ABSTRACT 

C o m p a t i b i l i t y  w i t h  mixed gases c o n t a i n i n g  S ,  0, and C1 i s  a 
c r i t i c a l  requirement f o r  h igh- temperature a l l o y s  used i n  coal  
convers ion and combustion app l i ca t i ons .  Comparative c o r r o s i o n  
t e s t s  o f  Fe-25Cr-20Ni, Fe-18Cr-GA1, and Fe-9Cr-9Nb-6Al (wt  X )  a t  
700 t o  800°C i n  a s imu la ted  coal  g a s i f i c a t i o n  environment l e d  t o  
t he  development o f  Fe-Nb-A1 a l l o y s  and t e s t i n g  o f  bo th  Fe-Nb-A1 
and Fe,A1 a l l o y s .  The n iob ium and aluminum conten t  i n  the l a t -  
t e r  alloys ranged f rom 8 t o  18 and 6 t o  16 w t  X ,  respec t i ve l y .  
The n iob ium a d d i t i o n  was in tended as a s e l e c t i v e  r e f r a c t o r y  s u l -  
f i d e  former. Tes t i ng  was c a r r i e d  ou t  a t  700 t o  800°C i n  
H,S-H,-H,O gas m ix tu res  w i t h  r e l a t i v e l y  low oxygen a c t i v i t i e s  
( s ~ O - ~ '  atm) and h igh  s u l f u r  a c t i v i t i e s  ( r l O - g  atm). 

Me ta l l og raph ic  and chemical analyses o f  t he  co r ros ion  prod- 
u c t  sca les and the  under l y ing  a l l o y  were performed t o  determine 
the  r o l e  o f  t he  respec t i ve  m e t a l l i c  elements on s u l f i d a t i o n /  
o x i d a t i o n  processes. Resu l t s  showed t h a t  adding n iob ium l e d  t o  
t h e  growth o f  n iob ium s u l f i d e s  i n  a s s o c i a t i o n  w i t h  d i s c r e t e  
Fe,Nb p a r t i c u l a t e s  i n  the  a l l o y s  b u t  n o t  w i t h  the  m a t r i x  phase, 
which was much lower i n  n iob ium content.  The m a t r i x  phase was 
ext remely r e s i s t a n t  t o  s u l f i d a t i o n  i n  a l l o y s  c o n t a i n i n g  12% A? 
and behaved s i m i l a r l y  t o  a Fe-15.8A1 a l l o y .  A major  f i n d i n g  i n  
these s tud ies  was the  complete suppression o f  i r o n - s u l f i d e  f o r -  
mat ion  by aluminum a t  concent ra t ions  o f  12% and above. 

INTRODUCTION 

One o f  the  c r i t i c a l  i ssues  i n  techno log ies  t h a t  use coa l  d i r e c t l y  as 
a f u e l  o r  t h a t  conver t  i t  t o  o the r  f u e l  forms, such as l i q u i d s  or gases, 
i s  t he  c o m p a t i b i l i t y  o f  s t r u c t u r a l  m a t e r i a l s  w i t h  the  environment. 
Because o f  minera l  ash, s u l f u r ,  c h l o r i n e ,  and o the r  i m p u r i t i e s  i n  coa l ,  

t he  m e t a l l i c  components i n  coal u t i l i z a t i o n  and convers ion systems a r e  

Research sponsored by the U.S. Department o f  Energy, AR&TD Fossi 1 * 
Energy M a t e r i a l s  Program [DOE/FE AA 15 10 10 0, Work Breakdown S t r u c t u r e  
Element QRNL-3(A)] under c o n t r a c t  DE-AC05-840R21400 w i t h  M a r t i n  M a r i e t t a  
Energy Systems, Inc.  
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sub jec t  t o  severe cor ros ion .  
g a s i f i c a t i o n  systems; superhmters and reheaters  i n  pu lver ized-coa l  boil- 
e r s  and i n d u s t r i a l  c o a l - f l r e d  b o i l e r s ;  and heat  exchangers i n  f l u i d i z e d -  
bed c o r n b ~ s t o i - ~ ,  h o t  gas c leznup systems, and d i r e c t  c o a l - f i r e d  hea t  
engines. 
used i n  t h e w  c o a l - r e l a t e d  a p p l i c a t i o n s .  

w i t h s t a n d  high-temperature degradat ion i n  aggress ive environments r e l y  on 
t h e  fo rmat ion  o f  p r o t e c t i v e  Cr,O, o r  AI ,Q ,  scales.  i n  genera l ,  such 
a l l o y s  possess good r e s i s t a a c e  t o  h igh-temperature o x i d a t i o n .  
when o p e r a t i n g  i n  mixed-ox idant  environments, such a s  those found I n  coal 

u t i l i z a t i o n  and convers ion processes (wh ich  c o n t a i n  0, 5 ,  and CI), pro tec-  
t i v e  o x i d e  scales way e ? t h e o  n o t  form o r  e v e n t u a l l y  break down, thus 

a l l o w i n g  r a p i d  c o r r o s i o n  o f  t h e  base a l l o y .  Extens ive c o r r o s i o n  s tud ie s  

have been conducted over the  p a s t  f e w  decades t o  c h a r a c t e r i z e  t h e  cor ro -  
s i o n  behavior  o f  h e a t - r e s i s t a n t  alloys i n  coa l -der ived  environments and t o  
d e f i n e  t h e  r o l e  o f  a l l o y i n g  elements i n  the c o r r o s i o n  p ~ o c e s s e s . ~  
study has a s i m i l a r  o b j e c t i v e :  
aluminum and niobium i n  c o n f e r r i n g  c o r r o s i o n  r e s i s t a n c e  t o  i ron-based 
a l l o y s  f o r  s u l f i d i z i n g l o x i d i m i n g  environments. 
used f o r  t h i s  e v a l u a t i o n  (H,S + H, +- H,O) i s  r e p r e s e n t a t i v e  o f  coal  
g a s i f i c a t i o n  processes, and t h e  temperature range se lec ted  f a r  s tudy 
(700-8OO"C) i s  o f  i n t e r e s t  f o r  t h e  e@onainimer heat exchangers be ing devel -  
oped f o r  c o o l i n g  the g a s i f i e r  p roduc t  gas. 

c o a l - d e r i v e d  environments, we compared t h e  c o r r o s i o n  behav io r  o f  
Fe-25Cr-20Ni" and Fe-18Cr-GRl i n  a H,S-W,-H,B-Ar gas m i x t u r e  a t  800°C 
(Ps, = loe6 atm, Po, = I O x a o  atm) ( r e f .  2) .  
r a p i d l y  under t h e  t e s t  eondit7sns, t h e  cor ros io r - r  products  c o n t a i n i n g  p r i n -  
c i p a l l y  i r o n  and chromium s u l f i d e s .  Corros ion r a t e s  f o r  t h e  Fe-Cr-A1 
a l l o y  w e r e  s i g n i f i c a n t l y  lower  and were  reduced s t i l l  f u r t h e r  by 
p r e o x i d a t i o n  t reatments a t  800°C befare: exposure t o  t h e  mixed gas, 
However, examinat ion of t h e  c o r r o s i o n  produc t  5howecl t h a t  a l t h o u g h  a 

These components i n c l u d e  gas c o o l e r s  i n  

Both f e r r i t i c  and s u s t e n i t i c  i ron-based a l l o y s  a r e  f r e q l r e n t l y  

Most o f  t h e  a l l o y s  o r  m e % a l l i c  coa t ings  tha t  a r e  designed t o  

IIowever, 

T h i s  
namely, t o  e s t a b l i s h  t h e  e f f e c t i v e n e s s  o f  

The c o r r o s i o n  environment 

As a f i r s t  s t ep  i n  develop ing more c o r r o s i o n - r e s i s t a n t  a l l o y s  f o r  

The Fe-Gr-Ni a l l a y  corraded 

A l l  a l l o y  composi t ions are i n  we igh t  percent.  ak 



s t a b l e  A l 2 O 3  f i l m  formed and remained on t h e  a l l o y  sur face,  i t  became over-  
grown by t h i c k  p l a t e l e t s  o f  an i r o n - r i c h  s u l f i d e ,  (Feo,,3Cro,n~Al,mo3)S. 
P reox ida t i on  s i g n i f i c a n t l y  reduced the  e x t e n t  o f  s u l f i d a t i o n  i n  100-h 
t e s t s ,  b u t  s u l f i d e  p l a t e l e t s  never the less  developed a t  i s o l a t e d  l o c a t i o n s  
on t h e  sur face,  apparen t l y  assoc ia ted  w i t h  mechanical d e f e c t s  i n  the  oxide. 
These t e s t s  proved the  chemical s t a b i l i t y  of A1,0, under the  t e s t  condi-  
t i o n s ,  However, they a l s o  showed the  need f o r  improv ing the  mechanical 
s t a b i l i t y  o f  t he  ox ide  as a co r ros ion  produc t  l a y e r  and f o r  suppressing 
the  fo rma t ion  o f  s u l f i d e  compounds once t h e  ox ide  i s  breached. 
approach adopted was t o  increase the  A1 concen t ra t i on  o f  t he  a l l o y ,  t o  
e l i m i n a t e  C r  as an a l l o y i n g  a d d i t i o n ,  and t o  add a r e f r a c t o r y  s u l f i d e  
former,  viz, Nb. 

The 

RATIONALE FOR NIOBIUM AND ALUMINUM AS AtLOYING ADDITIONS 

A l l o y s  t h a t  r e l y  on t h e  fo rma t ion  o f  Cr,O, sca les f o r  p r o t e c t i o n  i n  
h igh- temperature oxygen-containing environments a r e  prone t o  s u l f i d e  f o r -  
mat ion  i n  mixed gases w i t h  r e l a t i v e l y  h i g h  s u l f u r  p a r t i a l  pressures and 
low oxygen p a r t i a l  pressures.l¶z Secause o f  t h e i r  p o t e n t i a l  f o r  forming 
low-mel t ing  meta l -meta l  s u l f i d e  e u t e c t i c s ,  n i c k e l -  and/or  c o b a l t -  
c o n t a i n i n g  a l l o y s  a r e  a l s o  unsu i tab le  f o r  h igh- temperature mixed gases 
w i t h  h i g h  Ps, and low Po2. Because the  e q u i l i b r i u m  oxygen p a r t i a l  pres-  
sure a t  t he  Al2O3/A1,S3 phase boundary i s  seven orders  o f  magnitude lower 
than t h a t  of  Cr2031CrxSy a t  a g i ven  s u l f u r  a c t i v i t y ,  A1,0, i s  thermo- 
dynamica l l y  s t a b l e  i n  most c o a l - r e l a t e d  environments. (Cr,Sy i s  used here 
t o  des ignate chromium s u l f i d e s  w i t h  d i f f e r e n t  s to i ch iomet r i es . )  
Al,O,-forming i ron-based a l l o y s  have tended t o  be more co r ros ion  r e s i s t a n t  
than Cr,O,-forming i ron-based a l l o y s  i n  mixed gases c a n t a i n i n g  s u l f u r . l , ’  

I n  mixed gases, s u l f i d a t i o n  o f  convent ional  Al,O,-forming a l l o y s  
o f  t he  type  Fe-Cr-AI, w i t h  and w i t h o u t  p reox ida t i on ,  proceeds i n i t i a l l y  
w i t h  the  n u c l e a t i o n  and growth of  chromium-rich s u l f i d e s  a t  c e r t a i n  s i t e s  
i n  t h e  alumina sca le  and l a t e r  w i t h  the  fo rmat ion  o f  i r o n - r i c h  s u l f i d e s e 2  
These r e a c t i o n s  appear t o  be assoc ia ted  w i t h  bo th  the d i f f u s i o n  o f  s u l f u r  
through the  ox ide  sca le  and the mechanical c rack ing  o f  t h e  scale.  To 
overcome these e f f e c t s ,  alloy m o d i f i c a t i o n s  a r e  needed t o  enhance the  

Thus, 
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rapid reformation o f  AI,03 and tu eliminate the chemical effects of sulfur 
diffusion in the scale, as manifested by sulfide formation under the: o x i d e  
scale. 
increase the aluminum concentration in the  a l l o y  and facilitate t h e  supply 
o f  aluminum t o  t h e  corroding surface. 
addresses both  requirements i s  to add a sulfide-forming metal that, in 
contrast t o  chromium, foms a more passive, s low-growing sill fide corrosion 
product. According to the  r e v i e w  by Mrowec and P r ~ y b y l s k i , ~  refractory 
metal sulfides, such as NbS2, HoS,, and Et,, are characterized by uniquely 
low self-diffusion c o e f f i c i e n t s .  This fact i s  attested by t he  sulfidation 
r a t e  o f  niabfum a t  800"C, w h i c h  i s  some seven o r d e r s  s f  magnitude lownr 
that? that o f  iron. S t r a f f o r d  and Bird' a l s o  report t h a t  the corrosion 
rate o f  Nb 'in 25% H,S-75% H z  a t  800°C was abaut .  the same order of rnagni- 

ti lde as the oxidation r a t e  of C r  in pure 8. It is therefore of interest 
t o  establish whether conditions exist i n  a mixed-gas (H-S-0)  environment 
under whlch adding niobium to an iron-aluminum alloy will l ead  t o  t h e  far- 
mation of  a niobium-sulfide barrier layer that ould facilitate t he  
protectiveness o f  t h e  dominant A l z O ,  oxidation product. 

An obvious approach for meeting the  former requirement is t o  

A complementary approach that 

EXPERIMENTAL 

The compositions of the allays used in t h i s  study a r c  listed i n  
Table 1. The alloys were prepared by arc-melting high-purity component 
metals under argon and drop-casting i n t o  a 25.4-rm-diam by 127-m-long 

mold. The ingots were homogenized by annealing under argon f o r  4 h at 
1200OC. 
annealed for 20 m i n  at 1120QC, a i r  coaled, and descaled. Specimens i n  the 
form of 0.66- by 12.7-m-diam disks were cut peFpenbicular to the bar a x i s  
u s i n g  a diamond slitting saw, and t h e  t w o  circular faces o f  t h e  specimens 
were! mechanically abraded us ing  320-grit followed by 6 0 0 - g r i t  Si6 abrasive 
paper. In t he  case of one o f  t h e  alloys (PS10 in Table l ) ,  t h e  arc-cast 
ingot was elad with s t a in l e s s  steel, heated for 2 h at 120Q°C, and imedi- 
ately hot extruded to 10.7-rmi diam. 
prepared using the same thickness and s u r f a c e  preparation as described 
previously. 

They were then ho t  swaged at 1120°C to 12.7-mn-diam bars, 

Specimens o f  this diameter were 

. 
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Table 1. Nominal composi t ions o f  t e s t  alloys 

Concent ra t ion  ( w t  %) 

A1 Nb C r  Fe 
A I  l o y  des igna t ion  

PS2 

PS3 

PS4 

PS8 

PS 1 oa 

P S I 5  

PS 14 

PSll 

6 

6 

6 

12 

12 

12 

12 

15.8 

18 76 

9 9 76 

18 76 

18 70 

18 70 

12 76 

8 80 

84.2 

aHot extruded. 

Dur ing  exposure t o  the  mixed-gas envirsnment, t he  we igh t  changes o f  
t h e  specimens were con t inuous ly  recorded us ing  an A inswor th  microbalance. 
Each specimen was suspended i n  a qua r t z  r e a c t i o n  tube and heated by an 
e x t e r n a l  t u b u l a r  r e s i s t a n c e  furnace. Tes t  temperatures ranged from 700 t o  
800°C and exposure t imes f rom 20 t o  193 h. 
component gas species caused by thermal d i f f u s i o n ,  t h e  gas m i x t u r e  was 
preheated and f lowed upward w i t h i n  the  r e a c t i o n  tube a t  a f l o w  r a t e  o f  
-1.67 tm3/sI P l a t i n u  foil was l o c a t e d  i n s i d e  the  h o t  zone of t he  
r e a c t i o n  tube t o  enable t h e  gas m i x t u r e  t o  reach i t s  e q u i l i b r i u m  state.  
To c o n t r o l  t he  sample's p o s i t i o n ,  a magnetic device was used t o  lower the 
specimen i n t o  t h e  h o t  zone o f  the r e a c t i o n  t u b e ,  which had been purged 
w i t h  t h e  gas m i x t u r e  fo r  a t  l e a s t  2 h b e f o r e  the  c o r r o s i o n  experiment. A 
schematic o f  t h e  t e s t  apparatus i s  shown i n  F ig .  1. 

Gas m i x t u r e s  used i n  t h i s  study conta ined hydrogen s u l f i d e  and argon 
t h a t  were premixed t o  the  des f red  composi t ions by the  Matheson Gas 
Products Company. The compositions o f  t he  gas m i x t u r e s  an 
equilibrium pressures o f  oxygen and s u l f u r  a r e  g iven  i n  Table 2. 

lo preven t  separa t i on  o f  the 

Mo is tu re  
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F W  
CYLl NDEW 

HAZARDOUS GAS ALARM a TO SOLENOID VALVE 

F i g .  1. Test apparatus f o r  s u l f i d a t i o n / o x i d a t i o n  s t u d i e s .  

Table 2. Compositions and S 2 / &  f u g a c i t i e s  o f  gas m i x t u r e s  
used f o r  c o r r o s i o n  s t u d i e s  

Test Gins species (vol  %) 
Mixture temperature log  Po, l o g  b, 
number ("C> H2S H z  Ar 

-6.0 1 880 8.0548 0.83 1.43 97.68 -17.9 

-6.0 2 800 0.55 8.38 1.46 89.61 -19.9 

3 8011 0.95 14.11 2 - 4 6  82.48 -19.9 -6.0 

$00 5.35 79.23 1.70 13.72 -21.7 -6.0 4 

0.184 0"9? 0.255 98.59 -22.0 -6.0 5 700 

-4.8 780 17.61 9.27 2.37 70.75 -22.0 
.-- 

6 
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was added t o  t h e  gas m i x t u r e  by bubb l i ng  the  gas through a temperature- 
c o n t r o l l e d  water  bath. The oxygen p a r t i a l  pressure i n  the  gas was con- 
t i n u o u s l y  moni tored by a Y20,-s tab i l ized ZrO, oxygen sensor. The 
e q u i l i b r i u m  p a r t i a l  pressure o f  s u l f u r  a t  t he  r e a c t i o n  temperature was 
c a l c u l a t e d  f r o m  the  known composi t ion o f  t h e  gas m i x t u r e  us ing  pub l ished 
thermodynamic data. The gas m i x t u r e  and t e s t  temperature were se lec ted  t o  
s imu la te  p r o j e c t e d  s u l f u r  and oxygen a c t i v i t i e s  i n  gases de r i ved  froin 
coal .  

The c o n d i t i o n s  o f  exposure f o r  the var ious  t e s t  specimens a r e  l i s t e d  
i n  Table 3. As more c o r r o s i o n - r e s i s t a n t  composi t ions w e r e  developed, the  
t i m e  o f  exposure and the  H2S concent ra t ion  o f  t h e  t e s t  environment were 
increased,  and t h e  H2:H20  r a t i o  was ad jus ted  t o  lower t he  p a r t i a l  pressure 
o f  oxygen f rom t o  atm. Accord ing ly ,  the l a t e r  a l l o y s  i n  the  
t e s t  s e r i e s  (PS8, 10, 11, 14, and 15 i n  Table 1) were  exposed t o  a more  
aggress ive c o r r o s i o n  environment than were  the  i n i t i a l  a l l o y s .  
Experiments w e r e  begun by lower ing  a c o l d  specimen i n t o  t h e  h o t  zone o f  
t he  r e a c t i o n  tube and stopped by quenching the  specimen t o  room tempera- 
t u r e  i n  h i g h - p u r i t y  argon. Both o p t i c a l  and scanning e l e c t r o n  microscopes 
(SEMs) were used t o  examine the  morphology o f  c o r r o s i o n  scales,  whereas 
energy-d ispers ive  X-ray spectroscopy (EDS) was used t o  determine the  com- 
p o s i t i o n  o f  the  scales. 

RESULTS 

I n i t i a l  t e s t s  were conducted t o  determine the  e f f e c t  o f  s u b s t i t u t i n g  
n iob ium f o r  chromium i n  a l l o y s  c o n t a i n i n g  6% A I .  
thermograv imetr ic  r e s u l t s  f o r  a l l o y s  w i t h  a l l  or p a r t  o f  t h e  chromium 
replaced by niobium (PS3 and PS4) w i t h  the  Fe-18Cr-GAl a l l o y  ( P S Z ) .  
t h a t  lower ing  the  chromium l e v e l  t o  9% w i t h  9% niob ium added (PS3) reduced 
t h e  we igh t  g a i n  o n l y  s l i g h t ’ l y  compared w i t h  PS2. However, r e p l a c i n g  a l l  
o f  t he  chromium w i t h  n iob ium (PS4) s i g n i f i c a n t l y  reduced the  we igh t  gain.  
F igures  3 ( a )  and 3 ( b )  show sur face  topographies o f  P52 exposed t o  
HpS-Hz-W,Q m i x t u r e  2 (Table 2) a t  800°C f o r  5 and 10 min, respec t i ve l y .  
Dur ing  the  e a r l y  stage o f  cor ros ion ,  spher i ca l  o r  m u l t i f a c e t e d  co r ros ion  
produc t  n u c l e i  formed on the  a l l o y  sur face.  

F jgu re  2 compares the 

Note  

Semiquan t i t a t i ve  EDS a n a l y s i s  
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Table  3. Test conditions fo r  therrnagravimetr ic analyses (TGA) 

Total  exposure t i ime 
( h )  

__Î  

800 0.167 
0.50 
0.083 

2 017 
n i  8 2 8OQ 

PS2 

PS3 

PS4 

PS8 

PS16 

PSll 

PS14 

PS15 

800 
800 
800 
700 
800 
7610 

- -- 
2 019 
2 023 
2 025 
2 026 
2 027 

028 2 

08 I 2 
002 2 
812 4 

QQ6 1 
007 1 
00 2 
BE0 2 
811 3 

061 2 
003 3 
004 5 
006 6 
007 4 

00 1 3 
002 6 
003 4 

001 4 
003 4 

QQ 1 4 

800 
800 
800 

800 
800 
8QQ 

800 

800 

700 
7QQ 
800 

$00 
70Q 
808 

800 

$00 

aoo 

8 0 Q / 3 0 a  

QO 

24 
65 
92 

5 
2 

24 
24 
6 

92 
25 
74 
50 
40 

75 
141 
5Q 
50 
125 

161 
89 
52 

290 
305 

168 
00 1 4 8Qi9 17 1 

'~hermal cyc led t o  room temperature every 48 h.  

indicated that t h e  n u c l e i  were sulfides w i t h  the composition 
(Cro,,sFe,.,A1,.22)S, with t h e  total o f  ca t ions  i n  t h e  s u l f i d e  normalized 
t o  one. 
oxygen conten t  o f  t h e  n u c l e i  i s  not known. There fo re ,  the corrosion prod- 
uct formed on PS2 can be either a mixed s u l f i d e  (@r,Fe,Al) or a m i x t u r e  o f  

Because o f  t h e  inability o f  EDS t o  d e t e c t  light elements, the 

(Cr,Fe)S and A1203. 
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- 
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- 
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Time (h) 

Fig. 2. E f f e c t  o f  r e p l a c i n g  chromium w i t h  n iob ium on we igh t  g a i n  o f  
6% A1 a l l o y s  a t  8 Q Q O C .  

A f t e r  a 30-min exposure t o  gas m i x t u r e  2 w i t h  P s 2  = and 

Po, = atm a t  80Q°C, s u l f i d e  p l a t e l e t s  began t o  form, as shown i n  
F ig .  4 ( a ) .  These s u l f i d e  p l a t e l e t s ,  (Feo.,2Cro.2Alo.Ra)S, have a much 
h i g h e r  c o n c e n t r a t i o n  o f  i r o n  compared w i t h  t h e  more s p h e r i c a l  s u l f i d e s  
farmed d u r i n g  t h e  e a r l y  stage o f  exposure. 
found on some sur faces o f  t h e  c r y s t a l l i n e  chromiurn-rich s u l f i d e .  
t h a t  (Cro.suFeo,,sAlo,2)S i s  i n  t h e  upper l e f t  o f  t h e  micrograph i n  
F ig .  4 ( 6 ) ,  b u t  t h e  chramium-rich s u l f i d e  g r a i n  i n  t h e  lower  r i g h t  o f  t h e  
micrograph i s  covered almost e n t i r e l y  w i t h  t h e  i r o n - r i c h  s u l f i d e . )  
Apparent ly ,  t h e  i r o n - r i c h  s u l f i d e  grows more q u i c k l y  than does t h e  

The i r o n - r i c h  s u l f i d e  was a l s o  
[Note 



10 

M25353 

M25401 

Fig. 3. Surface topographies o f  PS2 (Fe-18Cr-6Al) 
exposed t o  the gas mixture 2 w i th  Ps, = lo-' and 
Po, = atm a t  800OC. ( a )  5 min.  ( b )  10 min. 
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M25402 

M25403 

Fig.  4. ( a )  Surface topographies o f  PS2 
(Fe-18Cr-6Al) exposed t o  gas m i x t u r e  2 w i t h  
Ps, = lo- '  and Po, = lo-* '  atm a t  800°C f o r  30 min. 
(6) A h i g h e r  m a g n i f i c a t i o n  o f  ( a ) .  
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chromium-r ich s u l f i d e .  Therefore,  a f t e r  a l o n g e r  p e r i o d  o f  exposure of  
PS2 t o  t h e  mixed gas, t h e  i r o n - r i c h  s u l f i d e  becomes t h e  major  c o r r o s i o n  
produc t  i n  t h e  scale.  F igures  5 ( a )  and ( b )  show t h e  topography and t h e  
c ross  s e c t i o n  o f  t h e  scale,  r e s p e c t i v e l y ,  a f t e r  a 24-h exposure o f  PS2 t o  
t h e  same mixed gas. The i r o n - r i c h  s u l f i d e ,  (Feo,73Cro.2sAlo,03)S,  con- 
t i n u e d  growing t o  produce a t h i c k ,  porous l a y e r  on PS2. Only a r e l a t i v e l y  
t h i n  l a y e r  o f  s u l f i d e  enr iched w i t h  chromium and aluminum was de tec ted  
between t h e  i r o n - r i c h  s u l f i d e  s c a l e  and t h e  meta l  subst rate.  I n  a d d i t i o n ,  
some i n t e r n a l  s u l f i d a t i o n  can a l s o  be observed i n  F ig .  5(b). 

F i g u r e  6 shows t h e  s c a l e  cross s e c t i o n  on a l l o y  PS3 (9% C r ,  9% Nb) 
a f t e r  exposure t o  gas m i x t u r e  2 a t  800°C f o r  24 h. I t  formed an o u t e r  
i r o n - r i c h  s u l f i d e  (Feo,rCro,2)S l a y e r  and an i n n e r  porous s u l f i d e  layer .  
The f o r m a t i o n  o f  t h e  i n n e r  porous l a y e r  i s  caused b y  i n t e r n a l  s u l f i d a t i o n ,  
which i s  a c t u a l l y  more severe f o r  PS3 than f o r  PS2. The c o r r o s i o n  r a t e  o f  
PS4 (18% Nb) i s  a f a c t o r  o f  -5 s lower  than t h a t  o f  PS2 and proceeds by t h e  
f o r m a t i o n  o f  i r o n  s u l f i d e  p a r t i c l e s  on a t h i n  o x i d e  l a y e r ,  as shown i n  
F ig .  7. The growth o f  these i r o n  s u l f i d e  p a r t i c l e s  i s  respons ib le  f o r  
most o f  t h e  c o r r o s i o n  on PS4. N e g l i g i b l e  i n t e r n a l  s u l f i d a t i o n  was 
observed. Also,  t h e  growth o f  t h e  i r o n  s u l f i d e  p a r t i c l e s  shows no 
obvious c o r r e l a t i o n  w i t h  t h e  appearance o f  second-phase p r e c i p i t a t e s  i n  
PS3 and PS4. 

Reducing t h e  H 2 S  c o n c e n t r a t i o n  w h i l e  i n c r e a s i n g  t h e  a c t i v i t y  o f  oxy- 
gen (keeping t h e  s u l f u r  a c t i v i t y  cons tan t )  changed b o t h  t h e  we igh t  change 
and topography o f  t h e  s u l f i d e  formed on PS4. F i g u r e  8 compares thermo- 
g r a v i m e t r i c  a n a l y s i s  (TGA) da ta  f o r  a l l o y s  exposed a t  800°C t o  gas mix-  
t u r e s  1 (Po, = 10-17** atm, H,S = 0.0556%) and 2 (Po, = atm, 
H,S = 0.56%), r e s p e c t i v e l y .  The sur face  topography and c ross  s e c t i o n  o f  
t h e  sca le  formed i n  m i x t u r e  1 a f t e r  92 h (shown i n ' F i g .  9) c o n t r a s t  w i t h  
t h e  s c a l e  formed i n  m i x t u r e  2 (shown i n  F ig .  7) .  S u l f i d e  nodules i n  
F ig .  9 have o b v i o u s l y  grown o u t  o f  t h e  second-phase p a r t i c l e s  open t o  t h e  
surface, whereas t h e  m a t r i x  phase i s  f r e e  o f  nodules and i s  covered by a 
t h i n  cont inuous scale,  i d e n t i f i e d  by X-ray a n a l y s i s  as Al,O,. 
a l s o  evidence o f  i n t e r n a l  s u l f i d a t i o n  ( i d e n t i f i e d  as n iob ium s u l f i d e s )  i n  
t h e  near-sur face r e g i o n  o f  t h e  second-phase p a r t i c l e s  (Fig.  9).  

There i s  
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M24923 

M24979 

I, 

Fig. 5. ( a )  Topography of the scale and 
( b )  cross section o f  the scale formed on PS2 
(Fe-18Cr-6Al) exposed t o  gas mixture 2 wi th  Ps, = lo- ’  
and Po, = lo-,’ atm a t  800°C f o r  24 h. 
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Fig.  8. TGA da ta  f o r  PS4 (Fe-18Nb-6Al) i n  gas m i x t u r e s  1 
(Ps, = lo- '  atm, PO, = l o - ' *  atm) and 2 (Ps, = lo-'  atm, PO, = 
a t  800OC. 

atm) 

To b e t t e r  d e f i n e  t h e  r e s p e c t i v e  r o l e s  o f  n iob ium and aluminum i n  the  
c o r r o s i o n  processes, t h e  aluminum conten t  o f  a l l o y s  PS8 ( h o t  swaged) and 
P S l O  ( h o t  ext ruded)  was increased t o  12% (compared t o  6% i n  P S 4 ) ,  keeping 
n iob ium cons tan t  a t  18%. T h i s  inc rease i n  aluminum lowered t h e  100-h 
we igh t  g a i n  i n  H2S-H,-H,O a t  800°C b y  more than an o r d e r  o f  magnitude 
compared w i t h  PS4. 
t o  lo-,,  w h i l e  i n c r e a s i n g  t h e  H,S l e v e l  f rom 0.95 t o  5.35 v o l  % had l i t t l e  
e f f e c t  on t h e  we igh t  g a i n  o f  t h e  12% A1 a l l o y s  (Fig.  10). 
t h e  average s i z e  o f  second-phase p a r t i c u l a t e s  was s l i g h t l y  s m a l l e r  f o r  the  

Furthermore, reducing t h e  oxygen a c t i v i t y  f rom 

Al though 
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Fig. 9. Topography ( a )  and cross sect ion 
( b )  o f  the  scale from corrosion o f  PS4 i n  gas mix- 
t u r e  1 w i t h  Ps2 = 10-* and Po2 = lo-'* atm a t  8OOOC 
a f t e r  92 h. 
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0.95% H2S 
(P,,=10-2O) 

0 25 50 75 100 125 150 
Time (h) 

Fig.  10. E f f e c t  o f  H,S pressure on we igh t  change o f  Fe-18Nb-12Al a t  
800'C. 

ext ruded a l l o y  ( P S l O ) ,  t h e r e  was no c o n s i s t e n t  d i f f e r e n c e  i n  t h e  we igh t  
change o r  s c a l e  morphology f o r  t h i s  a l l o y  compared w i t h  t h e  hot-swaged 
a l l o y .  
sur faces t o  be covered u n i f o r m l y  by an ext remely t h i n  A l t o ,  scale.  
However, a number o f  i r o n  s u l f i d e  c r y s t a l s  p r o j e c t e d  outward f rom t h e  
scale-gas i n t e r f a c e ,  appear ing as t h i n ,  h i g h l y  f a c e t e d  b lades 
[Fig. l l ( a ) ] .  Niobium s u l f i d e s  were de tec ted  a t  t h e  scale-metal  i n t e r f a c e  
and were e p i t a x i a l  w i t h  t h e  h i g h e r  n iob ium-conta in ing  a l l o y  phase present  
i n  t h e  two-phase m i c r o s t r u c t u r e ,  as p i c t u r e d  i n  F ig .  l l ( b ) .  

Scanning e l e c t r o n  microscopy (SEM) examinat ions showed t h e  a l l o y  

I n t e r n a l  
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M26924 

M25607 
- 

Fig. 11. Topography ( a )  and cross section 
( b )  o f  the Fe-18Nb-12Al a l l o y  (PS8) a f t e r  exposure 
for 125 h a t  800°C i n  79% H,-5.4% H,S-1.6% A1,O-Ar 
(mixture 4).  
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s u l f i d a t i o n  o f  t h e  second-phase p a r t i c l e s  was s i m i l a r  t o  t h a t  f o r  t h e  
6% A1 a l l o y  [compare Fig.  9 ( b )  w i t h  Fig.  l l (b) ] .  

were i n i t i a t e d  w i t h  Fe-A1 a l l o y s ,  whose p r o p e r t i e s  a r e  descr ibed i n  
r e f .  6. A b i n a r y  Fe-A1 a l l o y  con ta in ing  15.8% A1 (PS11) a f f o r d e d  a rea- 
sonably c lose  match i n  aluminum concen t ra t i on  t o  t h e  Fe-18Nb-12Al a l l o y  
(PS8 and 10). 
phase f i e l d ) ,  whereas t h e  l a t t e r  a l l o y  i s  composed o f  a m a t r i x  phase con- 
t a i n i n g  1.5% Nb, 13% A l ,  ba l  Fey and a coarse ly  d ispersed second phase 
c o n t a i n i n g  42.7% Nb, 7% A l ,  ba l  Fe. Two o f  t he  curves i n  F ig .  12 d e p i c t  

Concur ren t ly  w i t h  t h e  t e s t i n g  o f  t h e  Fe-Nb-A1 a l l o y s ,  c o r r o s i o n  t e s t s  

The former a l l o y  i s  s i n g l e  phase ( e n t i r e l y  w i t h i n  the  Fe,A1 
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79.2XH2-5.4XH2S-1.7XH~0-13.7XAr 

0 50 100 150 200 250 300 
Time (h) 

Fig.  12. E f f e c t  o f  decreasing niobium conten t  on we igh t  changes o f  
Fe-Nb-A1 a l l o y s  a t  800OC. 
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t h e  we igh t  changes f o r  t h e  respec t i ve  a l l o y s  recorded a t  800°C i n  gas mix- 
t u r e  4 (5.35% H2S, Po2 = atm) and show t h a t  t h e  weight  g a i n  o f  t he  
b i n a r y  a l l o y  was l e s s  than t h a t  o f  t h e  18% Nb a l l o y .  
scop ic  a n a l y s i s  i n d i c a t e d  t h a t  t h e  c o r r o s i o n  produc t  sca le  formed on t h e  
b i n a r y  a l l o y  cons is ted  e n t i r e l y  o f  A1203, w i t h  no evidence o f  s u l f i d e s  
a t  e i t h e r  t h e  scale-gas o r  scale-metal  i n t e r f a c e s .  As shown i n  Fig. 13, 
t h e  sca les  on t h e  P S l l  and u n d e r l y i n g  subs t ra te  were q u i t e  f e a t u r e l e s s  
a l though  s i g n i f i c a n t  s p a l l i n g  o f  t h e  sca le  was apparent a f t e r  t h e  t e s t .  

The e x c e l l e n t  performance o f  t h e  b i n a r y  Fe-A1 a l l o y  a t  t h e  15.8% A1 
l e v e l  i s  i n d i c a t i v e  t h a t  aluminum conten t  may be a much more s i g n i f i c a n t  
f a c t o r  than t h e  n iob ium conten t  i n  e s t a b l i s h i n g  t h e  c o r r o s i o n  performance 
o f  t h e  Fe-18Nb-12Al a l l o y  (PS8 and 10). Accord ing ly ,  two a d d i t i o n a l  
Fe-Nb-A1 a l l o y s  c o n t a i n i n g  12% A1 b u t  w i t h  lowered n iob ium conten ts  (12 
and 8%, r e s p e c t i v e l y )  were t e s t e d  i n  t h e  5.35% H2S m i x t u r e  (Table 2) a t  
8OOOC. The m i c r o s t r u c t u r e s  o f  t h e  12 and 8% Nb a l l o y s  were composed o f  a 
m a t r i x  phase low i n  n iob ium and a secondary phase r e l a t i v e l y  h i g h  i n  
niobium, ve ry  s i m i l a r  i n  composi t ion t o  t h e  second phase i n  t h e  18% Nb 

Subsequent mic ro-  

YP6452 

Fig, 13. S p a l l i n g  o f  ext remely t h i n  ox ide  
f i l m s  formed a t  8 O O O C  and then cooled. 
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a l l o y s .  The major  d i f f e r e n c e  was i n  t h e  volume o f  t h e  second phase, which 
decreased i n  p r o p o r t i o n  t o  t h e  r e d u c t i o n  i n  niobium content.  Weight ga ins  
f o r  t h e  n iob ium-conta in ing  a l l o y s  a r e  a l s o  compared w i t h  those f o r  t h e  
15.8% A1 a l l o y  i n  Fig.  12. Note t h a t  t h e  a l l o y s  c o n t a i n i n g  <18% Nb were 
comparable i n  performance t o  t h e  b i n a r y  Fe-A1 a l l o y .  Examination o f  t he  
c o r r o s i o n  p roduc t  sca les  showed d i s c r e t e  i r o n  s u l f i d e  c r y s t a l s  growing 
outward from t h e  oxide-covered surface, s i m i l a r  t o  those found on t h e  
18% Nb a l l o y  (Fig.  11). However, fewer o f  these c r y s t a l s  formed as the  
niobium con ten t  decreased, and o n l y  a few i s o l a t e d  c r y s t a l s  were found on 
the  8% Nb a l l o y .  

DISCUSSION 

O f  t h e  c lasses  o f  a l l o y s  i n v e s t i g a t e d ,  two s tand o u t  as h i g h l y  
r e s i s t a n t  t o  H2S-H2-H20 m i x t u r e s  w i t h  r e l a t i v e l y  low oxygen p a r t i a l  
pressures. They are,  r e s p e c t i v e l y ,  b i n a r y  Fe-A1 a l l o y s  c o n t a i n i n g  
-16 w t  X A1 and Fe-Al-Nb a l l o y s  c o n t a i n i n g  a minimum o f  12 w t  X A1 and no 
chromium. 
6 w t  % A1 i s  v e r y  d e t r i m e n t a l  t o  c o r r o s i o n  i n  t h e  same t ype  o f  gas 
m ix tu re .  The f o l l o w i n g  d i scuss ion  cons iders  t h e  i n t e r a c t i v e  e f f e c t s  o f  
C r ,  Nb, and A1 on t h e  s u l f i d a t i o n / o x i d a t i o n  response o f  t h e  a l l o y s  
s t u d i  ed. 

The r e s u l t s  a l s o  show t h a t  adding chromium t o  a l l o y s  c o n t a i n i n g  

CHROMIUM 

The so -ca l l ed  FeCrAl c l a s s  o f  a l l o y s ,  o f  which PS2 (Fe-18Cr-6Al) i s  
rep resen ta t i ve ,  a r e  ex t remely  r e s i s t a n t  t o  o x i d a t i o n  by a i r  and steam 
environments a t  temperatures w e l l  above those s e t  by  mechanical p r o p e r t y  
l i m i t s  (-1000°C). 
a lumina f o r  c o r r o s i o n  p r o t e c t i o n ,  chromium p l a y s  an e s s e n t i a l  r o l e  i n  
" s t a b i l i z i n g "  t h e  alumina scale. As shown by t h e  p h a s e - s t a b i l i t y  diagram 
i n  Fig.  14, t h e  ox ides  o f  aluminum and chromium a t  -7OOOC should b o t h  be 
favored thermodynamical ly i n  t h e  H,S-H,-H20 environments used i n  t h i s  
study; however, t h e  p a r t i a l  p ressure  o f  oxygen used i n  these t e s t s  i s  
w i t h i n  2 t o  4 orders  o f  t h a t  which d e f i n e s  t h e  phase boundary between 

Al though t h e  a l l o y s  r e l y  m a i n l y  on t h e  fo rma t ion  o f  
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Fig.  14. Thermochemical M-S-0 s t a b i l i t y  diagram a t  650OC. (Test 
c o n d i t i o n s  denoted by  bar.) 

Cr203 and Cr,S, a t  700OC. 
t h e  fo rma t ion  o f  chromium s u l f i d e  tends t o  be k i n e t i c a l l y  favored over 
chromium oxide. Furthermore, a t  8OO0C, t h e  phase boundary f o r  
Cr,O,/Cr,S, s h i f t s  t o  s t i l l  h i g h e r  Po,, so t h a t  Cr,S, i s  favored thermo- 
dynamica l l y  a t  t h i s  temperature under our  gas cond i t i ons .  These observa- 
t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  r e a c t i o n  produc ts  formed d u r i n g  exposure a t  
700 t o  800°C, which i nc luded  a cont inuous Al,O, l a y e r  and nodules o f  chro- 
mium and i r o n  s u l f i d e s  (Fig. 5). Thus, u n l i k e  i n  a i r ,  i n  our  r e l a t i v e l y  
reduc ing  H2S-H2-Hz0  environment, chromium p l a y s  a d e t r i m e n t a l  r a t h e r  than 

Natesan' has shown t h a t ,  under such a cond i t i on ,  
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. 

b e n e f i c i a l  r o l e  i n  alumina format ion.  T h i s  d e t r i m e n t a l  e f f e c t  r e l a t e s  t o  
competing r e a c t i o n s  t o  form chromium and i r o n  s u l f i d e s ,  whose growth r a t e s  
a r e  severa l  o rders  o f  magnitude g r e a t e r  than t h a t  o f  A1,0, a t  t h e  tempera- 
t u r e s  o f  i n t e r e s t .  Even when t h e  Fe-18Cr-6Al a l l o y  was p r e o x i d i z e d  i n  a i r  
o r  i n  CO/CO, m i x t u r e s Y 2  t h e  p r o t e c t i o n  o f  t h e  preformed alumina f i l m  was 
e v e n t u a l l y  degraded b y  t h e  fo rmat ion  o f  chromium s u l f i d e .  L ikewise,  add- 
i n g  even as l i t t l e  as 3 t o  4% C r  t o  t h e  b i n a r y  Fe-15.8A1 a l l o y  (PS11) 
r e s u l t e d  i n  a s i g n i f i c a n t  inc rease i n  we igh t  change a t t r i b u t a b l e  t o  s u l -  
f i d e  f o r m a t i o n  i n  H,S-H,-H,O under t h e  present  t e s t  condi t ions.*  

NIOBIUM 

The e f f e c t  o f  n iob ium on o x i d a t i o n / s u l f i d a t i o n  i s  l e s s  c l e a r  than the  
e f f e c t  o f  chromium. The replacement o f  chromium w i t h  n iob ium i n  a l l o y s  
c o n t a i n i n g  6% A1 r e s u l t e d  i n  a dramat ic  improvement i n  c o r r o s i o n  
r e s i s t a n c e  t o  H,S-H,-H,O mix tures.  However, t h e  improvement appears t o  
d e r i v e  more f rom t h e  removal o f  chromium than f rom any d i r e c t  b e n e f i c i a l  
e f f e c t  o f  niobium. T h i s  conc lus ion  i s  supported by (1) t h e  f u r t h e r  
improvement i n  s u l f i d a t i o n / o x i d a t i o n  r e s i s t a n c e  as aluminum was increased 
f rom 6 t o  12% w h i l e  h o l d i n g  n iob ium a t  t h e  18% l e v e l ,  (2)  t h e  s u p e r i o r  
c o r r o s i o n  r e s i s t a n c e  of t h e  Fe-15.8A1 a l l o y  c o n t a i n i n g  no niobium, and 
(3) an a c t u a l  decrease i n  we igh t  g a i n  a t  t h e  12% A1 l e v e l  as t h e  n i o b  
conten t  was reduced t o  12 and 8%, r e s p e c t i v e l y .  However, n iob ium may 
e x e r t  an i n d i r e c t  e f f e c t  t h a t  i s  b e n e f i c i a l  i n  these a l l o y s  by v i r t u e  
i t s  e f f e c t  on t h e  aluminum d i s t r i b u t i o n  i n  t h e  a l l o y  m i c r o s t r u c t u r e .  
c o n t r a s t  t o  t h e  s ingle-phase Fe-18Cr-SAl and Fe-15.8A1 a l l o y s ,  t h e  m i  
s t r u c t u r e  o f  t h e  re fe rence Fe-Nb-A1 a l l o y s  (r8X Nb) i s  made up o f  two 

um 

o f  
I n  
ro -  

phases o f  u n l i k e  composi t ion.  The m a t r i x  phase c o n t a i n s  r e l a t i v e l y  l i t t l e  
n iob ium (s2 w t  %) ,  whereas t h e  d i s c r e t e  p a r t i c l e s  making up t h e  second 
phase a r e  r e l a t i v e l y  r i c h  i n  n iob ium (>33 w t  %) and c o n t a i n  l e s s  than 
7 w t  % A l .  
t e n t  o f  t h e  m a t r i x  phase compared w i t h  t h e  nominal aluminum c o n c e n t r a t i o n  
i n  t h e  a l l o y .  Consider ing t h e  improvement i n  c o r r o s i o n  r e s i s t a n c e  
observed i n  a l l o y s  c o n t a i n i n g  212 w t  % A1 compared w i t h  6% A l ,  t h i s  p a r t i -  
t i o n i n g  o f  aluminum t o  t h e  m a t r i x  phase may be o f  some b e n e f i t  t o  t h e  

Thus, adding n iob ium e f f e c t i v e l y  increases t h e  aluminum con- 
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r e s i s t a n c e  o f  t h e  n iob ium-conta in ing a l l o y s ,  an improvement t h a t  was 
man i fes ted  by t h e  m a t r i x  phase o f  t h e  a l l o y s .  A t  t h e  6% A1 l e v e l  ( w i t h o u t  

t h e  
a t  

chromium), t h e  m a t r i x  phase was r e l a t i v e l y  r e s i s t a n t  t o  s u l f i d a t i o n  a t  
h i g h e r  oxygen a c t i v i t y  (Fig.  6) b u t  was s u b j e c t  t o  s u l f i d a t i o n  o f  i r o n  
t h e  lower  oxygen a c t i v i t y  (Fig.  7). A t  t h e  12% A1 l e v e l ,  t h i s  m a t r i x  
phase was s i m i l a r  i n  s u l f i d a t i o n  r e s i s t a n c e  t o  t h e  b i n a r y  Fe-15.8A1 a1 
(PS11) and was unaffected even b y  t h e  h i g h e r  H,S pressures (Fig. 10). 

O Y  

The s o l u b i l i t y  l i m i t  o f  n iob ium i n  t h e  m a t r i x  phase a t  12% A1 i s  <2%, and 
a t  t h a t  l e v e l  i t  appears t o  have no e f f e c t  on s u l f i d a t i o n  res is tance.  

The mechanism b y  which aluminum complete ly  suppresses s u l f i d a t i o n  o f  
i r o n  i n  t h e  Fe-Nb-12Al m a t r i x  phase and Fe-15.8A1 a l l o y s  i s  now under 
study. As i s  obvious f rom Figs.  11 and 12, t h e  A1,0, s c a l e  t h a t  forms on 
these a l l o y s ,  w h i l e  ext remely t h i n ,  i s  s u b j e c t  t o  s p a l l i n g  when i t  coo ls  
t o  room temperature. Nevertheless,  thermal c y c l i n g  these a l l o y s  i n  
H,S-H,-H,O gas m i x t u r e s  f rom 800°C t o  room temperature every 48 h had o n l y  
a minor  e f f e c t  on we igh t  change over  a 168-h i n t e r v a l . "  Furthermore, 
t h e r e  was no evidence o f  s u l f i d e  f o r m a t i o n  on t h e  t h e r m a l l y  c y c l e d  speci -  
men f o l l o w i n g  exposure. Adding chromium t o  t h e  Fe-15.8A1 a l l o y ,  even i n  
amounts as low as 4%, l e d  t o  t h e  r e l a t i v e l y  r a p i d  growth o f  chromium and 
i r o n - s u l f i d e  nodules above t h e  s c a l e  and even t o  t h e  fo rmat ion  o f  
Al ,S ,  w i t h i n  t h e  scale.' However, p r e o x i d a t i o n  o f  an Fe-15.8A1-5Cr a l l o y  
i n  a i r  e f f e c t i v e l y  suppresses s u l f i d a t i o n  for p e r i o d s  as long as 200 h a t  
800°C ( i n  isothermal  t e s t s ) .  These observa t ions  c o n f i r m  t h a t  t h e  growth 
r a t e  of  t h e  A1203 sca le  i s  ext remely f a s t  compared w i t h  f o r m a t i o n  o f  i r o n  
s u l f i d e  a t  t h e  12 t o  15.8% A I  l e v e l .  They a lso  i n d i c a t e  t h a t ,  under s u l f i -  
d i z i n g  c o n d i t i o n s ,  chromium a c t s  t o  p revent  t h e  growth o f  a p r o t e c t i v e  
Al103 l a y e r  r a t h e r  than t o  d i s r u p t  an i n i t i a l l y  p r o t e c t i v e  ox ide  layer .  

CONCLUSIONS 

1. I n  H2S-H2-H,0 gas m i x t u r e s  t h a t  are  r e l e v a n t  t o  coal  g a s i f i c a -  
t i o n ,  t h e  s u l f i d a t i o n l o x i d a t i o n  r e s i s t a n c e  o f  Fe-18Cr-SAl a l l o y s  can be 
improved s i g n i f i c a n t l y  thraugh a l l o y i n g  w i t h  n iob ium i n  p l a c e  o f  
chromi urn. 
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2. 
100-h we 

S u b s t i t u t i n g  niobium f o r  chromium a t  
gh t  g a i n  a t  800°C by a f a c t o r  o f  a t  

t he  6% A1 l e v e l  reduced the  
eas t  5. However, 

s i g n i f i c a n t  amounts o f  FeS were found a t  the  scale-gas i n t e r f a c e ,  together  
w i t h  some s u l f i d a t i o n  o f  n iobium a t  t he  meta l -sca le  i n te r face .  

12 w t  X d r a m a t i c a l l y  reduced the  co r ros ion  r a t e  i n  H2S-H2-H20. There was 
no evidence o f  s u l f i d a t i o n  o f  the  m a t r i x  phase i n  these a l l o y s ,  b u t  
second-phase p a r t i c l e s  s i m i l a r  i n  composi t ion t o  Fe,Nb underwent i n t e r n a l  
s u 1 f i da t i on. 

4. Reducing the  niobium l e v e l  f r o m  18 t o  12 or  8%, respec t i ve l y ,  
a c t u a l l y  reduced the  weight  g a i n  ( s u l f i d a t i o n )  a t  800OC. The reduc t i on  
was the  r e s u l t  o f  a lower volume f r a c t i o n  o f  t he  Fe,Nb phase i n  the  l a t t e r  
a l l o y s .  Thus, f o r  Fe-Nb-12Al a l l o y s ,  aluminum appears t o  be a more 
s i g n i f i c a n t  f a c t o r  i n  i n h i b i t i n g  s u l f i d a t i o n  than i s  niobium. 

c i a t i o n  w i t h  an aluminum ox ide  sca le  m igh t  be p o s s i b l e  i n  a nonequ i l i b r i um 
a l l o y  m a t r i x  con ta in ing  a n iob ium concen t ra t i on  a t  l e a s t  equal t o  the  a l u -  
minum concent ra t ion .  Such an a l l o y  would r e q u i r e  process ing by r a p i d  
s o l i d i f i c a t i o n  o r  i o n  imp lan ta t ion .  

6. A major  f i n d i n g  i n  these s tud ies  was the  complete suppression o f  
i r o n  s u l f i d e  format ion i n  the  m a t r i x  phase o f  t he  Fe-Nb-12Al a l l o y s  and 
the  b i n a r y  Fe,Al a l l o y  con ta in ing  15.8 w t  % A l .  The Fe,Al a l l o y  showed a 
n e g l i g i b l e  we igh t  g a i n  even a f t e r  300-h exposure t o  H,S-H2-H20 a t  800OC. 
Although the  alumina sca le  formed on Fe,Al i s  sub jec t  t o  s p a l l i n g  on 
c o o l i n g  t o  room temperature, t he  co r ros ion  r a t e  o f  t he  a l l o y  was n o t  
s i g n i f i c a n t l y  a f fec ted  by thermal c y c l i n g  t o  room temperature a t  50-h 
i n t e r v a l s  d u r i n g  a 168-h exposure a t  800OC. Furthermore, t h e r e  was no 
evidence o f  s u l f i d e  fo rmat ion  on the  the rma l l y  cyc led  specimen f o l l o w i n g  
exposure. 

3. S u b s t i t u t i n g  niobium f o r  chromium and inc reas ing  aluminum t o  

5. Achiev ing a p r o t e c t i v e  niobium s u l f i d e  r e a c t i o n  produc t  i n  asso- 
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