
HOT CORROSlVlTY OF COAL GASIFICATION 
PRODUCTS ON GAS TURBINE ALLOYS 

Summary Report, April 15,1978-November 15,1979 

BY 
G. H. Meier 
E. A. Gulbransen 

Work Performed Under Contract AC01-79ET13547 

University of Pittsburgh 
Dept. of  Metallurgical and Materials Engineering 
Pittsburgh, Pennsylvania 

U. S. DEPARTMENT OF ENERGY 

fW 1s mk146iTsl" ~ ' W  THIS DOCUV-. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



DISCLAIMER 

"This book was prepared as an account of work sponsored by an agency of the United 
States Government- 'Neither the United States Government nor any agency thereof, nor any 
of thak emplfiy~~e, makar any wflultv, uxpzess or implied, or ammw any legal liability or 
responsibility for the accuracy, eompletenass, or u s d u k  of any informatfon, apparatus, 
product, or proofs disclowd, or represents that its use would not Lnfiinge privately owned 
rights. Reference herein to any specifis mnamerdal product, process, or d c e  by trade 
name, tidemark, manufacturer, or o t B h ,  docs not nwssrily oont~itutc rrr imply its 
endorsement, recommendation, qr favoring by the Unfed States Government or any agency 
thereof. The viws and opinions af authors C X ~  herein do not nacestuily state or 
reflect those of the United Sates Government or any p&mcy thereof." 

This report has been reproduced directly from the best available copy. 

Available from the National Technical Information Sedce,  U. S. Departnent of 
Commerce, Springfield, Virginia 22161. 

Price: Paper copy $9.00 
Microfiche $350 



DOE/ET/13547-TI 
Distribution Category UC-90h 

HOT CORROSIVITY OF COAL GASIFICATION 
PRODUCTS ON GAS TURBINE ALLOYS 

Report for Period 

15 April 1978 through 15 November 1979 

G. H. Meier and E. A. ~ulbransen 

Department of Metallurgical and Materials Engineering 
University of Pittsburgh 

Pittsburgh, Pennsylvania 15261 

PREPARED FOR THE UNITED STATES 
DEPARTMENT OF ENERGY 

Under Contract No. DE ACOl 79 ET 13547 



Table of Contents 

............................................................ Contents ii 

1.0 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 1 

2.0 Introduction .................................................. 1 

. . 
3.0 Experimental Procedure ........................................ 6 

4.0 Results and Discussion ........................................ 7 
. . .  

4.1 Wetting and Surface Tension Effects ...................... 7 

4.2 Hot Corrosion of Pure Ni ................................. 10 

4.3 Hot Corrosion of Pure Co ................................. 19 

...................... 4.4 Hot . Corrosion of Nickel-Base Alloys 21 

.................. 4.4.1 Simple Binary and Ternary Alloys 21 

................. 4.4.2 Commerical Alloys (B.1900,I N-738) 23 

.......................... 4.6 Hot Corrosion of Coating Alloys 31 

............................... 4.6.1 Cobalt-Base Coatings 31 

4.6.2 Iron-Base Coatings ................................ 35 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.0 Sumary 35 

References .................................................... 37 

Tables 

Figures 



1.0 Objective 

The object of this program is to develop information about-the hot 

corrosion of gas turbine alloys in the environment likely to be found when 

a gas turbine is operated on low Btu gas produced from coal in a fluidized 

bed gasifier. 

The program is designed to determine the mechanisms of attack and 

the major factors which influence the kinetics of hot corrosion in these 
. . .  

environments. 

The program deals with selected existing gas turbine alloys and a 

few simple alloys of potential turbine alloy composition. The alloys 

have been selected to be representative of several different metallurgical 

types which may exhibit dtfferent hot corrosion behavior. 

This study is intended to serve the dual purpose of developing a 

fundamental understanding of hot corrosion processes and of providing 

data essential in the design and selection of alloys for use in turbines 

using gasified coal as fuel. 

2.0 Introduction. 

The accelerated oxidation of Ni and Co alloys in aircraft and marine 

turbines due to the condensation of Na2S04 on blades and vanes has been 

.well documented and extensively investigated. 0-3 ) The severity of this 

type of attack, termed hot corrosion, has beershown to be very sensitive 

to a number of variables including deposit compositions, atmosphere, 

temperature and temperature cycling, erosion, alloy composition, and 

allby microstructure. Similar corrosion is to be expected in turbines 

fueled by coal conversion products but the process is likely to be consid- 

erably more complex due to the wider range of deposit compositions which 

may form from contaminants in the fuel. Low BTU coal gas, for example, 

map contain HC1, NaCl', NaOH, KC1, KOH, Na, K, H2S, and SO2. Upon 



combustion in the gas turbine H2S will be oxidized to SO and SO2 may 2 

react to form SO3. TheNaCl and KC1,will dissociate and,react to form 

Na2S04 and K2S04. , The conversion of gaseous or finely particulate NaCl 

or KC1 is observed to occur extremely rapidly in the presence of,SO (4,5) 
2 

However, large particles of chlorides, which could occur by dislodge- 

ment from the compressor, may survive their transit through the combustion 

chamber. Therefore, one must consider the possibilty of deposition of 

Na SO and K SO on the turbine components either by condensation,from 2 4 2 4 

the vapor or impaction of.droplets and that the deposits may be con- 

taminated with chlorides. A study at General Electric (') has indicated 

the following results regarding alkali conversion during fuel combustion. 

(i) Most of the Na contained in the fuel is unlocked during 

combust ion ; 

(ii) Only a small proportion of the K is unlocked; 

(iii) Deposits on turbine components will likely be Na2S04- 

K2S04 mixtures. 

The last point is consistent with the thermodynamics of the Na-S-0 and 

K-S-0 systems as seen from the condensed phase stability diagrams(7' in 

Figures 1 and 2. At oxygen pressures on the order of one atmosphere the 

sulfates are stable even at low sulfur pressures. 

The difference in melting points of Na3SOL (1157K) and K2SOg 

(1342K) indicates less liklihood of forming liquid deposits of K SO 
2 4 

at the temperatures of turbine operation (1000-1400IC). IIowever, a 

eutectic exists in the Na SO -K SO system at 20 mole percent K SO 2 4 2 4 2 4 

and a temperature of 1150K and potassium pyrosulfate is stable in 

K SO at low pressures of SO at low temperatures (650 - 750K) result- 2 4 3 

ing in liquid phases"). Also it is observed that CoS04 produced by 

reaction of Co-alloys with SO forms low melting solutions with Na2S04 3 



a t  temperatures  a s  low as 873K. (3)  Therefore,  i t  is  c l e a r  t h a t  l i q u i d  

d e p o s i t s  con ta in ing  bo th  K SO and Na2S04 a r e  of p o t e n t i a l  i n t e r e s t  over  
2 4 

t he  e n t i r e  ope ra t ing  temperature range of gas  t u r b i n e s .  

The presence  of Pb, Mo, and V as contaminants may a l t e r  t h e  chemistry 

of d e p o s i t s  and, t h e r e f o r e ,  i n f luence  t h e  co r ros ion  process .  A l l  t h r e e  

have been shown t o  produce de t r imen ta l  e f f e c t s  i n  t h e  Na SO induced 
2 4  

h o t  co r ros ion  of some a l l o y s .  The presence of Mg and C a  i n  t h e  c o a l  and 

t h e  u s e  of  dolomite  and l imes tone  f o r  S removal p r e s e n t s  t h e  p o s s i b i l i t y  

of MgS04 and CaSO being  p r e s e n t  i n  d e p o s i t s  on t u r b i n e  components. 4  
(7) The s t a b i l i t y  diagrams i n  F igu res  3 and 4 show t h a t  t h e s e  s u l f a t e s  

a r e  s t a b l e  over  most of t h e  s u l f u r  and oxygen p o t e n t i a l s  l i k e l y  t o  

o b t a i n  i n  t u rb ines .  The presence of MgS04 may be  p a r t i c u l a r l y  important  

s i n c e  i t  forms low me l t ing  mixtures  wi th  Na SO which a r e  appa ren t ly  2 4 

q u i t e  c o r r o s i v e .  There i s  a l s o  a  h i g h  p r o b a b i l i t y  of S i  be ing  contained 

i n  t h e  d e p o s i t s  e i t h e r  a s  Si02 o r  s i l i c a t e s .  

Once a  d e p o s i t  h a s  formed on an a l l o y  s u r f a c e  t h e  e x t e n t  t o  which 

i t  a f f e c t s  t h e  co r ros ion  r e s i s t a n c e  of t h e  a l l o y  w i l l  depend on whether 

o r  n o t  t h e  d e p o s i t  m e l t s ,  how adherent  it  is ,  and t h e  e x t e n t  t o  which 

i t  wets  t h e  su r f ace .  A l i q u i d  d e p o s i t  i s  g e n e r a l l y  necessary  f o r  s eve re  

ho t  co r ros ion  t o  occur  a l though some examples e x i s t  where dense, t h i c k  

s o l i d  d e p o s i t s  have, apparent ly ,  r e s u l t e d  i n  cons ide rab le  co r ros ion .  The 

r e l a t i o n s h i p  of adhesion and we t t i ng  t o  h o t  co r ros ion  h a s  n o t  been 

s tud ied .  Furthermore, t h e  f a c t o r s  which a f f e c t  t h e  adhesion and we t t i ng  

behavior  of s u l f a t e s  on meta l  o r  oxide s u r f a c e s  have no t  been ex tens ive ly  

i n v e s t i g a t e d .  However, cons iderable  work on t h e  s u r f a c e  t ens ion  and 

we t t i ng  behavior  of a l k a l i  meta l  carbonates  i s  a v a i l a b l e  i n  t h e  Russian 

l i t e r a t u r e .  This  work has shown t h a t  t h e  adhesion and we t t i ng  

is, of course ,  a f f e c t e d  by t h e  s u r f a c e  t ens ion  of t h e  l i q u i d  wi th  t h e  



c o n t a c t  ang le  i n c r e a s i n g  wi th  inc reas ing  s u r f a c e  t ens ion .  The s u r f a c e  

t e n s i o n  was, i n  t u r n ,  i n f luenced  by t h e  molecular  s t r u c t u r e  and compo- 

s i t i o n  of t h e  l i q u i d  and t h e  temperature.  It was found t h a t  s u r f a c e  

t e n s i o n  inc reased  w i t h  i n c r e a s i n g  b inding  energy and decreas ing  c a t i o n  

r a d i u s  f o r  t h e  ca rbona te s  of L i ,  Na, K, and C s .  A similar t r end  w a s  

r e p o r t e d  f o r  t h e  s u l f a t e s  of t h e  same meta ls .  ( l o )  Addi t ives  such a s  

ox ides  were found t o  dec rease  t h e  s u r f a c e  t ens ion  of t h e  carbonates  i f  

t h e i r  e f f e c t i v e  c a t i o n i c  d i p o l e  moment was lower than  t h a t  f o r  t h e  

catl-nn of the carbonate .  The atmosphere was found t o  have l i t t l e  e f f e c t  

on t h e  s u r f a c e  t ens ion .  The tendency of a given l i q u i d  t o  wet a sur-  

f a c e  was found t o  depend on t h e  n a t u r e  of t h e  s u b s t r a t e ;  i t s  composition, 

c r y s t a l  s t r u c t u r e ,  roughness,  e t c .  The tendency of t h e  l i q u i d  s a l t  t o  

w e t  t h e  s u r f a c e  of  an  a l l o y  i s  q u i t e  important  t o  i t s  h o t  co r ros ion  be- 

hav io r  i n  t h a t  i t  w i l l  a f f e c t  t h e  adhesion of t h e  d e p o s i t  and, f o r  a 

g iven  loading  of sa l t ,  w i l l  determine t h e  l o c a l  d e p o s i t  t h i ckness .  

- - Increased  s a l t  t h i c k n e s s  has  been found t o  a f f e c t  t h e  r a t e  of h o t  corro-  

s i o n  and, depending on t h e  p a r t i c u l a r  mechanism, may a c c e l e r a t e  o r  r e t a r d  

t h e  r e a c t i o n .  ( 3 )  

Once t h e  a l l o y  s u r f a c e  has  been ~ a r t i a l l y  o r  c o m ~ l e t e l v  wet bv t h e  

molten s a l t  c o n d i t i o n s  f o r  s e v e r e  corrosion mav develop. The h o t  cor- 

r o s i o n  of v i r t u a l l y  a l l  s u s c e ~ t i b l e  a l l o y s  i s  observed t o  occur  i n  two 

s t a g e s :  an i n i t i a t i o n  s t a g e  dur ing  which t h e  r a t e  of co r ros ion  i s  slow 

and a propogat ion s t a g e  fn which raplcl, u I t e u  c a t a s t r o p h i c  cor roc ion  

occurs .  During t h e  i n i t i a t i o n  s t a g e  t h e  a l l o y  i s  be ing  a l t e r e d  t o  make 

i t  s u s c e p t i b l e  t o  r a p i d  a t t a c k .  Th i s  a l t e r a t i o n  may inc lude  d e p l e t i o n  

of  t h e  element r e s p o n s i b l e  f o r  forming t h e  p r o t e c t f v e  s c a l e  (u sua l ly  

Al o r  Cr),  formation o f  s u l f i d e s  i n  t h e  a l l o y  due t o  s u l f u r  p e n e t r a t i o n  

through t h e  s c a l e ,  d i s s o l u t i o n  of ox ides  i n t o  t h e  sal t ,  and development 



of growth.stresses in the scale. .This alteration also can result in 

shifts in salt composition toward more corrosive conditions. The length 

of the initiation stage varies from seconds to thousands of hours depend- 

ing on a large number of variables .including alloy composition, alloy 

microstructure, salt composition, atmosphere, temperature, extent of 

thermal cycling, salt thickness, specimen geometry, and presence or 

absence of erosive conditions.. In many cases the end of the initiation 

stage follows the local penetration of the salt through the scale and 

subsequent spreading along the scale/alloy interface. This situation in 

which the salt reaches sites of low oxygen activity and is in contact 

with.an alloy depleted in A1 or Cr generally.leads to the rapid propo- 

gation stage., Propogation occurs by one or more of the following 

mechanisms: ( 3 )  

(i) Basic fluxing in which the scale is degraded by reaction with 

oxide ions in the salt, 

. . 
(ii) Acidic fluxing in which the scales is degraded by donating 

oxide ions to the salt, and 

(iii) Sulfidation which involves intense sulfidation of the alloy 

and subsequent oxidation of the sulfides to produce a thick, non-protective 

oxide. 

This report describes the results of a laboratory study of the major 

steps in the ~11~0~iulugy of hot corrosion of Ni-, Lo-, and Ye-base alloys 

under the influence of deposits likely to form when coal conversion pro- 

ducts are used as fuels. These steps involve the melting and wetting 

behavior of sulfate deposits, the initiation of rapid hot corrosion, and 

the propogation of the attack. The effects of alloy composition and 

microstructure, salt composition, temperature, atmosphere composition 

and $herma1 cycling on these phenomena have been observed. 

5 



3.0 Experimental Procedure 

The metals and alloys studied include pure Ni and Co, a number of 

simple Ni- and Co-base alloys containing Cr, Al, Ti, and various refrac- 

tory metals, and the commercial alloys IN-738, B-1900, Ni-50Cr, and 

FSX-414. In addition a number of alloys of typical coating compositions 

such as Ni-Cr-Al, Cu-Cr-Al, and Fe-Cr-A1 were studied. The laboratory 

alloys were tungsten arc melted under an argon atmosphere, remelted 

several times, and mose were drop cast into a water cooled copper chill. 

The alloys were homogenized for 72 hours in evacuated quartz capsules 

at 1050°C. The commercial alloys were given conventional heat treat- 

ments for the individual alloys. 

: .  
Oxidation coupons were cut from the alloys, po1ishe.d through 600. 

. ..r, 

grit silicon carbide and cleaned ultrasonically. The salt coatings 
. ,- 

were applied by spraying with their aqueous solutions while the coupons 
. . 

. . /: were heated using a hot plate and a heat lamp. Coating weights were 

2 
. - -  generally 1 mg/cm . A limited number of experiments were made with 
;::> '. : . 

heavier coatings. 

A continuous reading Cahn microbalance and an invar beam balance 

were used to record weight changes between 750" and 1000°C at 1 atmo- 

sphere of slowly flowing oxygen. The reactfon was 111lLiatcJ by raioingi 

a preheated furnace around a quartz tube in which the speci-men was slip- 

ported with oxygen flowing. The furnace was raised in a time period of 

10 seconds. At 900°C the system and specimen caine to thermal equilibrium 

in less than one minute. Gases were doped with SO3 by using O2 - SO2 

mixtures or by passing O2 through a permeation tube apparatus to intro- 

duce small amounts of SO2 and passing the gas over a Pt catalyst to 

establish the sO2/sO3 equilibrium. I n  some experiments the gas was doped 

with NaCl vapor by passing it over a boat of NaCl held at the temperature 



t o  g ive  t h e  d e s i r e d  vapor pressure .  

Oxidized specimens were s tud ied  us ing  o p t i c a l  and scanning e l e c t r o n  

metal lography,  x-ray d i f f r a c t i o n ,  and microprobe techniques.  The 

mel t ing  and we t t i ng  of depos i ted  s a l t s  was.observed us ing  a ho t  s t a g e  

microscope. 

4.0 Resu l t s  and Discussion 

4.1 Wetting and Surface Tension E f f e c t s  

Many of  t h e  s t e p s  i n  t h e  h o t  co r ros ion  process  depend on t h e  a b i l i t y  

of a molten s a l t  t o  wet t h e  s u r f a c e  of a component. These inc lude  t h e  

d e p o s i t i o n  and re-evaporat ion of t h e  sa l t ,  t h e  adhesion of t h e  depos i t  t o  

t h e  su r f ace ,  t h e  d i s t r i b u t i o n  o f . t h e  s a l t  o v e r t h e  s u r f a c e ,  arid t h e  

a b i l i t y  of t h e  salt t o  p e n e t r a t e  through c racks  o r  o t h e r  d e f e c t s  i n  an  

oxide  s c a l e .  The d i s t r i b u t i o n  of t h e  s a l t  on t h e  s u r f a c e  is of p a r t i c u l a r  

importance s i n c e  i t  w i l l  determine t h e  l o c a l  depos i t  t h i ckness  f o r  a 

given t o t a 1 , l o a d i n g  on t h e  surface., i . e .  a s a l t  which only  p a r t i a l l y  

wets  t h e  s u r f a c e  wi.11 r e s u l t  i n  some r eg ions  bea r ing  s a l t  d e p o s i t s  t h i c k e r  

than  p red ic t ed  f o r  t he  nominal loading .  It i s  recognized t h a t  s a l t  

t h i ckness  has  a s t r o n g  in f luence  on t h e  r a t e  of h o t  co r ros ion  wi th  t h i c k e r  

d e p o s i t s  being more de t r imen ta l  f o r  some mechanisms and l e s s  so. f o r  

o t h e r s .  With t h i s  background t h e  we t t i ng  behavior  of Na2S04 on a number 

of meta ls  and a l l o y s ,  bo th  ba re  and preoxid ized ,  was observed us ing  ho t  

s t a g e  o p t i c a l  microscopy and scanning e l e c t r o n  microscopy. 

F igure  5a shows t h e  behavior  of a 1 mg/cm2 coa t ing  of Na2S04 

app l i ed  t o  a b a r e  Fe-18Cr-6Al a l l o y  and heated i n  a i r  f o r  2 hours  a t  

900°C. The s a l t  has  wet most of t h e  s u r f a c e  which i s  shown by t h e  EDAX 

spectrum i n  Fi.gure 5b t o  con ta in  s i g n i f i c a n t  amounts of Fe, C r ,  and Al 

oxides .  T l ~ e  spectrum f o r  the s a l t  shows Na and S from t h e  s a l t  and 

smal l  amounts of Fe, C r ,  and A 1  which a r e  l i k e l y  p re sen t  i n  t h e  s c a l e '  



under t h e  s a l t .  F igu re  6a shows t h e  c o n t r a s t i n g  behavior  of Na2S04 i n  a  

Co-18Cr-6Al a l l o y  exposed under t h e  same cond i t i ons .  sal t  has  n o t  

wet t h e  s u r f a c e  bu t  has  formed a c e l l u l a r  s t r u c t u r e  which c o n s i s t s  of 

Co, C r ,  and A 1  oxides .  

The d i f f e r e n c e  i n  we t t i ng  of FeCr-A1 and CoCrAl a l l o y s ,  bo th  of 

which a r e  nominally A1203-formers, sugges t s  t h e  t r a n s i e n t  ox ides  which 

form on h e a t i n g  a f f e c t  t h e  we t t i ng  behavior .  Therefore,  t h e  same two 

al l .oys were preoxid ized  i n  air  a t  900°C f o r  30 minutes t o  produce a n  

Al-r ich oxide  before a p p l i c a t i o n  of Na SO As s-n fn. Figure 7, sub- 2 4' 

sequent  h e a t i n g  i n  a i r  a t  900°C f o r  30 minutes produces s i m i l a r  spreading  

of t h e  sal t  as t h e  c r y s t a l s  melt .  

I n  o rde r  t o  f u r t h e r  a s c e r t a i n  t h e  e f f e c t s  of t r a n s i e n t  ox ida t ion  

products  on s a l t  w e t t i n g  specimens of pure  Fe, Co, and N i  were preoxid ized  

f o r  30 minutes a t  900°C and then  exposed i n  a i r  a t  900°C f o r  30 minutes 

w i th  a N a . S n  coa t ing .  F igure  8a  shows t h e  s u r f a c e  of t h e  preoxid ized  L 4 

Fe and Figure  8b shows t h e  s u r f a c e  a f t e r  exposure w i t h  Na SO It 2 4'  

appears  t he  sal t  is  spreading over  t h e  s u r f a c e  b u t  t h e  cons iderable  

roughness makes comparison wi th  t h e  Fe-Cr-A1 a l l o y  d i f f i c u l t .  F igure  9a 

shows t h e  s u r f a c e  of preoxidized Co i n d i c a t i n g  a  f ine-grained l a y e r  of 

Co. 0 o v e r l a v i n ~  Coo. F igure  9b ~ h o w s  ,tha.t nraaxi.diaed specimens a f  ter 
3 ' 4  

exposure wi th  Na SO showing only  massive CoU and t h e  complele a l s e n e c  2 4 

of Na,S04 which h a s  pene t ra ted  i n t o  t h e  s c a l e .  (The p u ~ ~ e t r a t i o n  w i l l  
I 

be d iscussed  more f u l l y  i n  a  subsequent s e c t i o n . )  Therefore,  l i t t l e  

can be  s a i d  about  t h e  tendency of Na2S04 t o  wet Co oxides .  S imi la r  

r e s u l t s  were obta ined  f o r  pure N i  a s  seen  i n  F igure  10 .  Thc preoxidized 

specimen exposed wi th  Na2S04 shows a  bulged, cracked s c a l e  through which 

t h e  Na2S04 h a s  pene t r a t ed .  



A number of C r  0. forming a l l o y s  were a l s o  i n v e s t i g a t e d  wi th  r ega rd  2 3 

t o  t h e  w e t t i n g  behavior  of N a  SO Figure  l l a  shows t h e  s u r f a c e  of pure  
2 4 '  

C r  a f t e r  30 minutes i n  a i r  a t  900°C w i t h  a  coa t ing  of Na2S04 showing 
. . 

p l a t e l e t s  of C r  0  p ro t rud ing  through a  uniform l a y e r  of sal t .  F igure  2 3 

l l b  shows a  Co-20Ni-27Cr a l l o y  exposed under t h e  same cond i t i ons .  The 

s a l t  has  spread r a t h e r  uniformly bu t  t h e  Cr203 p l a t e l e t s  a r e  absen t ,  

presumably because a  cons ide rab le  amount of s p i n e l '  CoCr 0 forms i n  t h e  
2 4 

e a r l y  s t a g e s  of  ox ida t ion  of t h i s  a l l o y .  F igure  12  shows t h e  behavior  

of Na2S04 i n  Ni-20Cr and Ni-50Cr a l l o y s .  The s a l t  on t h e  Ni-20Cr, 

which forms cons ide rab le  amounts of NiO and N i C r  0  as t r a n s i e n t  pro- 
2  4 

duc t s ,  has  pene t r a t ed  down i n t o  t h e  s c a l e  i n  numerous l o c a t i o n s  and 

i s  h a r d l y  v i s i b l e ,  F igure  12a. The appearance of t h e  Ni-50Cr, F igure  

12b, which forms a Cr203 s c a l e  almost  immediately,  i s  i d e n t i c a l  t o  t h a t  

of pure C r ,  F igure  l l a ,  wi th  Cr203 p l a t e l e t s  pro t ruding  through a  

r a t h e r  uniform l a y e r  of  Na SO 2 4'  

The above r e s u l t s  i n d i c a t e  t h a t  t h e  we t t i ng  behavior  of Na SO 
2 4 

on va r ious  a l l o y s  depends on t h e  n a t u r e  of t h e  oxide  s c a l e .  This  i s  

probably due t o  d i f f e r e n c e s  i n  s u r f a c e  roughness and d i f f e r e n t  v a l u e s  

of t h e  i n t e r f a c i a l  f r e e  ene rg i e s  f o r  t h e  ox ide lgas  and o x i d e l s a l t  i n t e r -  

f a c e s .  In  a d d i t i o n  t h e  d i s s o l u t i o n  of components of t h e  s c a l e  i n t o  t h e  

sa l t  can change t h e  va lue  of t h e  i n t e r f a c i a l  f r e e  energy f o r  t h e  s a l t l g a s  

i n t e r f a c e .  To e v a l u a t e  t h e  latter p o s s i b i l i t y  c o n t a c t  ang le  measurements 

f o r  Na2S04 on va r ious  s u b s t r a t e s  have been s t a r t e d  and t h e  e f f e c t s  of 

v a r . i . o ~ ~ s  addf t . ive& .to the. N s  SO a r c  be ing  observed. F igure  1 3  shows a  
. 2  4 

p e l l e t  of pure  Na SO a f t e r  mel t ing  on P t  a s  900°C wi th  a  con tac t  ang le  
2 4 

of 16.5' be ing  obta ined .  Attempts t o  measure t h e  con tac t  ang le s  on 

preoxidized me ta l s  and alloys have prnverl d i f f i c u l t  because of t h e  

tendency of t h e  s a l t  t o  r a p i d l y  r e a c t  w i th  t h e  s c a l e s  s o  t h a t  a  cons tan t  

9 



a n g l e  i s  no t  ob ta ined .  The measurements w i l l  be cont inued on p l a t e s  of 

t h e  pure  oxides  such a s  A 1  0 e t c .  2 3' 

No r e s u l t s  a r e  a v a i l a b l e  y e t  f o r  t h e  e f f e c t s  on s u r f a c e  t e n s i o n  of 

v a r i o u s  contaminants  which could come from t h e  s c a l e s  o r  t u r b i n e  atmo- 

sphe re  b u t  e x i s t i n g  s t u d i e s  from t h e  l i t e r a t u r e  i n d i c a t e  t h e s e  e f f e c t s  

may b e  s u b s t a n t i a l .  F igu re  14 ,  taken from t h e  work of Moiseev and 

s tepanov(12) ,  shows t h e  e f f e c t .  of v a r i o u s  a d d i t i v e s  on Che s u r f a c e  

t e n s i o n  of molten Li2CU3 a t  765'C. The a u a l y s i s  of t h c s c  r e s u l t s  i s  

nnr. com~letel~ c l e a r .  Moiseev and Srepanov were a b l e  t o  correlate mush 

of the. s u r f a c e  t e n s i o n  e f f e c t s  w i th  t h e  r e l a t i v e  d i p o l e  moments of t h e  

c a t i o n s  in t roduced ,  c a t i o n s  wi th  smal l  d i p o l e  moments decreas ing  t h e  
, < .  . . s u r f a c e  t ens ion .  S i m i l a r  e f f e c t s  are l i k e l y  in s u l f a t e  r u c l t s .  
. . 

, 

Thus, wh i l e  on ly  q u a l i t a t i v e  r e s u l t s  have been obta ined ,  'it i s  

f e l t  t h a t  t h e  e f f e c t s  of contaminants on t h e  s u r f a c e  t e n s i o n s  and wet- 
:.. 

. . .  
t i n g  behavior  of s u l f a t e s  on oxid ized  a l l o y s  may be s i g n i f i c a n t  i n  ex- 

- . <  ... - .  
panding t h e  unders tanding  of t h e  ho t  co r ros ion  process .  This  under- 

s t a n d i n g  may then  l e a d  t o  a d d i t i v e s  f o r  producing d e s i r a b l e  s u r f a c e  

p r o p e r t i e s  f o r  minimizat ion of a t t a c k .  To t h i s  end appa ra tus  i s  p r e s e n t l y  

be ing  cons t ruc t ed  t o  a l l ow c o n t a c t  ang le  measurements and obse rva t ions  

of w e t t i n g  t o  be made under c o n t r o l l e d  atmosplieres. 

4 .2  Hot Corrosion of Pure Ni 

Accelera ted  o x i d a t i o n  of Na SO coated  N i  a t  t empera tures  above t h e  
2 4-  

m e l t i n g  p o i n t  of  Na SO has  been r epor t ed  by s e v e r a l  i n v e s t i g a t o r s .  
2 4 

Goebel and I ? e t t i t ( l 3 )  found t h a t  c o a t i n g  of pure  N i  w i t h  Na2S04 inc reased  

the  o x i d a t i o n  r a t e  and proposed t h a t  t h e  formation of N i O  reduces  t h e  

l o c a l  oxygen p r e s s u r e  i n  t h e  s a l t  and i n c e r a s e s  t h e  s u l f u r  p o t e n t i a l .  

S u l f u r  d i f f u s e s  through t h e  normally p r o t e c t i v e  N i O  s c a l e  caus ing  t h e  

s u l f a t e  l a y e r  above i t  t o  become enr iched  i n  oxide  i o n s  ( i . e .  t h e  Na20 



activity increases). The oxide ions, in turn, react with NiO to form 

nickelate ions ( ~ i 0 ~ = )  which are sufficiently soluble in the sulfate 

melt to destroy the protective NiO layer (Basic Fluxing). This resulfs 

in the deposition of a porous, non protective scale near the saltlgas 

interface where the oxygen potential is higher. 

Another model, proposed by Reising and Krause (I4) treats the molten 

salt as a pseudo scale which permits the simultaneous diffusion of oxy- 

gen from the air to the metal surface and of metal cations from the 

surface to the salt-gas interface. A porous metal oxide corrosion pro- 

duct forms on the surface and absorbs some of.the melt as it is formed. 

Eventually all of the salt becomes trapped in the scale'and rapid corro- 

., . sion ceases allowing a protective nickel oxide scale to form. The 

present study involves the effect of salt composition, gas composition, 

and temperature on the hot corrosion of Ni. 

The effect of salt composition on the hot corrosion of Ni at 900°C 

' . d  
% - _  is illustrated in I?igure 15. The rate of oxidation with a 1 mg/cm2 salt 

coating is seen to be accelerated over that for uncoated Ni for a short 

time and then reaches a plateau. The salt additives which lower the. 

Na20 activity in the salt result in the cessation of rapid corrosion at 

smaller weight increases as seen by comparison with the following activi- 

ties obtained from electrochemical measurements and/or thermochemical 

Salt log a Na20 

Na2S04 -12.1 

Na SO + 20 mole % K2S04 
2 4 -11.6 

Na2S04 + Si02 -13.1 

Na2S04 + Moo3 -13.9 

Na2S04 + Ti02 -15.7 



The a d d i t i o n  of  MOO t o  t he  s a l t ,  which a l s o  dec reases  t h e  Na20 a c t i v i t y ,  3 

is  a n  except ion  t o  t h e  above, apparent ly ,  because of t h e  formation of 

NiRoO as a r e a c t i o n  product .  4 

I n  a n  a t t empt  t o  observe  t h e  p rog res s ion  of h o t  co r ros ion  of N i  

Na2S04-coated specimens were oxid ized  i n  t h e  microbalance and i n t e r r u p t e d  

a t  d i f f e r e n t  t imes .  F igure  16  shows t h e  s u r f a c e  of a specimen oxid ized  

2 a t  890°C f o r  10  seconds corresponding t o  a weight i n c r e a s e  of 0.2 mg/cm . 
These micrographs show s u r f a c e  c racks  i n  t h e  oxide  and t h e  salt flowing 

i n t o  them. The pH of  t h e  s a l t  remaining on t h e  s u r f a c e  wa.s t e s t e d  wi th  

moistened test paper  and found t o  be  approximately 9 i n d i c a t i n g  t h e  s a l t  

had become b a s i c  immediately upon mel t ing .  F igu re  17a shows t h e  s u r f a c e  

of t h e  same specimen a t  low magni f ica t ion  i n d i c a t i n g  nodule formation 

under t h e  s a l t .  Figures17b and c show the same s u r f a c e  f rnm ~ h i c h  the 

s a l t  has  been washed wi th  d i s t i l l e d  water .  The s c a l e  i s  seen  t o  r e p l i -  

c a t e  t h e  p o l i s h i n g  s c r a t c h e s  from t h e  meta l  i n d i c a t i n g  i t  i s  t h e  f i r s t  

ox ide  formed. Surface  c racks  a r e  seen  t o . l i n k  t h e  nodules  and a l a r g e  

amount of porous n i c k e l  ox ide  f i l l s  t h e  nodules .  

F igure  18  shows c r o s s  s e c t i o n s  of t h e  above specimen a t  v a r i o u s  

l o c a t i o n s  where s u l f i d e s  have formed i n  t h e  me ta l . even  a t  t h i s  s h o r t  

exposure t ime. Importantly, .  t h e  oxide  appears  t o  have hecome d iscont inu-  

ous i n  t h e s e  r eg ions .  F igure  19  is  a c r o s s  s e c t i o n  of  one of t h e  nodules  

on t h i s  specimen showing t h e  porous N i O  permeated w i t h  Na,SO and a 
A 4 

milrturc of Ma2S04, W i O ,  a ~ i d  N I S  a t  the sca l e /me ta l  i n t e s h c e .  The 

honeycomb-like s t r u c t u r e  of t h e  oxide sugges t s  a r e p e t i t i v e  s u l f i d a t i o n -  

o x i d a t i o n  sequence. 

F igure  20 i s  t h e  s u r f a c e  of  a specimen exposed f o r  30 seconds cor- 

Z 
responding t o  a weight  i n c r e a s e  of 2 mg/cm . The p o l i s h i n g  marks a r e  

s t i l l  ev ident  bu t  t h e  micrographs and EDAX spectrum show t h a t  v i r t u a l l y  



a l l  t h e  Na2S04 is  gone from t h e  su r f ace .  F igure  21 i s  a c r o s s  s e c t i o n  

of t h i s  s c a l e  showing t h e  presence of a honeycomb-like N i O  s c a l e  per- 

meated wi th  Na2S04 under t h e  t h i n ,  f i r s t - fo rmed  oxide .  

F igu re  22 i s  a c r o s s  s e c t i o n  of t h e  porous s c a l e  on a specimen 

exposed f o r  180 minutes i e  a f t e r  t h e  r a p i d  r e a c t i o n  has  ceased.  An 

a d d i t i o n a l  f e a t u r e  of  t h i s  mic ros t ruc tu re  i s  t h e  formation of s u l f i d e  and 

oxide  a long  meta l  g r a i n  boundaries .  

Rased on the  above r e s u l t s  t h e  fo l lowing  model, shown schemat i ca l ly  

i n  F igu re  23, is  proposed t o  desc r ibe  t h e  hot  co r ros ion  of N i  by molten 

Na2S04 A t h i n  N i O  s c a l e  forms on hea t ing  and is  covered b y t h e  N a  SO 2 4 

as i t  me l t s .  The cont inued formation of  oxide r a p i d l y  lowers  t h e  p 
O2 

i n  t h e  s a l t ,  a s  o r i g i n a l l y  proposed by Goebel and ~ e t t i t ' ' ' ) ,  and t h e  

s u l f u r ' p o t e n t i a l  i n c r e a s e s  l ead ing  t o  t r a n s p o r t  through t h e  t h i n  oxide  

and s u l f i d e  formation a t  t h e  sca l e /me ta l  i n t e r f a c e ,  F igure  23a. The 

n a t u r e  of t h e  s u l f u r  t r a n s p o r t  has  not  been v e r i f i e d  bu t  t h e  f a c t  t h a t  

s u l f i d e s  a r e  observed i n  t imes as s h o r t  as 1 0  seconds a t  900°C sugges t s  

t h a t  t r a n s p o r t  i s  no t  by l a t t i c e  d i f f u s i o n  of s u l f u r  i o n s  through t h e  , 

NiO. .  Wagner e t  a 1  (.I5) found t h e  d i f f u s i v i t y  of S i n  N i O  t o  b e  on t h e  

2 o rde r  of 10-l4 - lo-'' cm / sec  depending on t h e  oxygen p a r t i a l  p re s su re .  

-13 2 
I f  a va lue  of 10 cm / sec  is  chosen t h e  d i I fc i s ian  d i s t a n c e  5n 10 

-6 seconds a t  900°c i s  on t h e  o r d e r  of 1 0  cm which i s  small compared t o  

t h e  th i ckness  of L l ~ r  i i ~ i t i a l  N I O  oca la .  T h e r e f n r ~ ,  d . t  appears a more 

l i k e l y  mechanism is  t r a n s p o r t  by SO2 molecules p e n e t r a t i n g  through such 

d e f e c t s  i n  t h e  s c a l e  a s  microcracks a s  was found by Wooton and w irks (16) 

f o r  ox ida t ion  of N i  i n  Ar-SO2 mixtures .  The sou rce  of t h e  SO2 is  t h e  

d i s s o c i a t i o n  of t h e  s u l f a t e  

1 so; - S02(g) + O2(g) + 0 = (.I) 

Also, as seen  from Equation 1, as SO2 and 0 a r e  consumed t h e  oxide  i o n  2 



a c t i v i t y  i n  t h e  s a l t  w i l l  i n c r e a s e  t o  main ta in  equ i l i b r ium r e s u l t i n g  i n  

t h e  salt becoming more b a s i c .  This  i s  c o n s i s t e n t  w i t h  t h e  pH measurements 

i n  t h e  p r e s e n t  s tudy .  The i n c r e a s e  i n  b a s i c i t y ' w i l l  be g r e a t e s t  over  t h e  

a r e a s  where t h e  s u l f i d e s  form, i . e .  where SO2 i s  consumed most r a p i d l y  

and i n  t h e s e  r eg ions  t h e  N i O  s c a l e  w i l l  r e a c t  t o  form s o l u b l e  n i c k e l a t e  

i o n s  i n  t h e  me l t ,  F igure  23b, which w i l l  d i f f u s e  t o  t h e  s a l t / g a s  i n t e r -  

f a c e  where t h e  oxide  i o n  concen t r a t ion  i s  low and w i l l  r e p r e c i p i t a t e -  a s  

N i O .  The d i s s o l u t i o n  of  t h e  s c a l e  then a l lows  t h e  s a l t  t o  p e n e t r a t e  i t  
- 

and sp reada long  the  sca l e /me ta l  i n t e r f a c e ,  F igure  23c. l i f t i n g  and 

c rack ing  t h e  s c a l e .  This  c r ack ing  may a c t u a l l y  be  i n i t i a t e d  by t h e  

formation of  a  Ni-S l i q u i d  phase a t  t h e  s c a l e  meta l  i n t e r f a c e  w i t h  a  

g r e a t e r  molar volume than  t h a t  of  t h e  n i c k e l .  The c racking  of the  s c a l e  

a l s o  a l lows  oxygen p e n e t r a t i o n  which o x i d i z e s  t h e  s u l f i d e s  f r e e i n g  

s u l f u r  t o  p e n e t r a t e  f u r t h e r  i n t o  t h e  meta l .  The r e p e t i t i o n  o f  t h i s  

p roces s  produces t h e  porous, honeycomb-like N i O  s c a l e ,  F igure  23d, and 

r e s u l t s  i n  d i f f u s i o n  of s u l f u r  and, subsequent ly,  oxygen a long  t h e  

g r a i n  boundaries  of  the meta l ,  Figure 23e. Eventaul ly  as Na2304 Is 

t rapped  i n  t h e  porous s c a l e  t h e  r a p i d  r e a c t i o n  ceases  and a dense, . 

p r o t e c t i v e  N i O  l a y e r  forms. 

The r e s u l e s  of ho t  co r ros ion  of N i w i t h  v a r i o u s  a d d i t i v e s  i s  a l s o  

c o n s i s t e n t  w i t h  t h e  proposed model (wit'h t h e  except ion  of Moo3 which 

w i l l  be  d iscussed  s e p a r a t e l y ) .  For example, t h e  a d d i t i o n  of K SO 
2 4 

15 ,  i n c r e a s e s  t h e  t o t a l  weight ga in .  The i n i t i a t i o n  of t h e  r e a c t i o n  

sequence is  a l s o  more r a p i d  wi th  K SO a d d i t i o n s ,  a s  seen  from Figure  
2  4 

24, where a f t e r  10  seconds a l l  of t h e  s a l t  has  pene t r a t ed  beneath t h e  

s c a l e  and t h e  s c a l e  degrada t ion  i s  s i m i l a r  t o  t h a t  produced i n  t imes of  

30 seconds o r  l onge r  by pure Na2S04. The more r a p i d  i n i t i a l  a t t a c k  i s  



l i k e l y  inf luenced  by t h e  s l i gh . t l y  lower me l t i ng  p o i n t  of t h e  K ~ S O ~  

doped s a l t  a s  w e l l  a s  i t s  increased  b a s i c i t y .  

On t h e  o t h e r  hand, t h e  a d d i t i o n  of T i0  i n t o  Na SO which decreases  2  2  4  

t h e  b a s i c i t y  slows the  r e a c t i o n  d rama t i ca l ly .  The k i n e t i c s  of t h e  i n i -  

t i a l  r e a c t i o n  r a t e  may be descr ibed  a s  pa rabo l i c  i n s t e a d  of l i n e a r  a s  

f o r  pure Na2S04. F igures  25 a  and b  show t h e  s u r f a c e  of a  Na SO + Ti02 
2  4  

coated n i c k e l  specimen, which was sub jec t ed  t o  t h e  same t rea tment  a s  

descr ibed  be fo re  f o r  pure Na2S04 and Na SO + K,S04. It can be  seen  t h a t  2 4  6 

even though t h e  s a l t  ha s  melted t h e  a t t a c k  of t he  s u r f a c e  i s  no t  as 

severe  a s  i n  t h e  above c a s e s .  No severe. s u r f a c e  c racks  have been observed 

i n  t h i s  specimen except  f o r  a  few ho le s  a s  i n d i c a t e d  by arrows a t  A and 

B. The whi te  p a r t i c l e s  l e f t  on t h e  surface. a r e  ~ m d i s s o l v e d  sodium t i ta-  

n i t e .  F igures  26 a  and b  show t h e  s c a l e  of t h i s  specimen. It i s  c l e a r  

s u l f l d e s  have formed a t  t h e  scale-metal  i n t e r f a c e  and t h e  s c a l e  has  be- 

come d iscont inuous  a t  t h i s  l o c a t i o n .  F igure  25 c  and d  a l s o  show t h e  

- .  s u r f a c e  of t h e  n i c k e l  specimen coated wi th  1 mg/cm2 Na SO + Ti02 and 
2  4  

. . oxid ized  a t  900°C f o r  15  minutes.  The r u p t u r e  of t h e  s c a l e  i s  apparent .  

A c r o s s  s e c t i o n  of t h i s  specimen i s  i l l u s t r a t e d  i n  F igure  26 c  and d  

w h i c h i s  s i m i l a r t o t h a t i n p u r e N a  SO S imi l a r  r e s u l t s  a r e o b t a i n e d  
2  4 '  

for N i  coated with.Na SO + Si02.  2  4 

The a d d i t i o n  of MOO a l s o  dec reases  t h e  b a s i c i t y  of Na2S04 bu t  i t  3  

r e s u l t s  i n  a r a p i d ,  pa rabo l i c  r e a c t i o n  r a t e  which produces l a r g e r  weight 

ga ins  than  any o t h e r  s a l t  s tud ied ,  F igure  15.  The s c a l e  morphology pro- 

duced i s  i l l u s t r a t e d  i n  F igure  27. There i s  l i t t l e  s u l f i d a t i o n  ev ident  

even a long  g r a i n  boundaries .  The fo l lowing  model, shown schemat ica l ly  

i n  F igure  28, i s  o f f e r e d  t o  expl-ain t h e  e f f e c t  of Moo3. I t  has  been 

proposed t h a t  SO i s  moremobi le  than  oxygen i n  Na2S04 and t h e r e f o r e  
3  

(117). W.  C. Fang and D .  A .  Sl~ores provides  most of t h e  oxygen t r a n s p o r t  



- 
have determined t h e  d i f f u s i o n  c o e f f i c i e n t  of SO3 ( a s  ~ ~ 0 ; )  i n  N a  SO 

2 4 
- 

by ca thod ic  r educ t ion  of  t h e  S ~ O ;  i o n  on a plat inum e l e c t r o d e .  A va lue  

2 
o f  cm / sec  was obta ined  a t  900°C a s  compared t o  a va lue  of 10  - 5 

2 
cm / s e c  f o r  oxygen i n  Na2S04 a t  1000°C. When MOO i s  added t o  Na2S04 3 

t h e  formation of MOO; i o n s  may provide  e a s i e r  t r a n s p o r t  i n  t h e  mel t .  

The fo l lowing  r e a c t i o n  may then  occur  a t  t h e  me ta l - sa l t  i n t e r f a c e ,  

N i  -t ~ i *  + 2 e (2) 
- - 4- 

Moo4 + 2 e -t Moo4 (3 )  

ft 4- 
Nl and Moo4 w i l l  b e  t r anspor t ed  t o  t h e  s a l t / g a s  i n t e r f a c e  through 

elie molten s a l t ,  and a t  t h i s  i n t e r f a c e  t h e  fo l lowing  r e a c t i o n  may occur  

u - 
N i + 0- -t N i O  

I n  o t h e r  words, t h e  presence  of MOO= i ons  i n  t h e  sa l t  w i l l  change t h e  
4 

t r a n s p o r t  mechanism and i n c r e a s e  t h e  r a t e  of ox ide  formation.  I n  addi- 
- 

t i o n  the  presence  of t h e  MOO- may i n c r e a s e  t h e  s o l u b i l i t y  of N i O  i11 t h e  4 

sa l t  prevent ing  a p r o t e c t i v e  l a y e r  from eve r  forming. I n  f a c t ,  t h e  X-ray 

d i f f r a c t i o n  r e s u l t s  show t h e  presence of NiMo04 i n  MOO - s a t u r a t e d  N a  SO 
3 2 4 

coa t ings  on oxid ized  specimens. ~ e i s i n ~ ( l ~ ) a n d  S t r i n g e r ,  e t .  a l .  (19) 

a l s o  no t i ced  t h e  a d d i t i o n  of Na2Moq i n t o  Na SO which should n o t  change 
.4 2 4' 

t h e  a c i d i t y  of t h e  s a l t ,  r e s u l t s  i n  an  a c c e l e r a t e d  r e a c t i o n  f o r  n i c k e l  

and ni.cke.1 a l l o y s ,  

An a d d i t i o n a l  i n t e r e s t i n g  a spec t  of F igure  15 i s  t h a t  pure  K2S04 

r e s u l t s  i n  a c c e l e r a t e d  co r ros ion  o i  N i  a t  9 0 0 ' ~  even though t h i s  tempera- 

t u r e  is  w e l l  below t h e  me l t ing  p o i n t  of K2S04 (1069'C). F igures  29 a 

and b show t h e  s u r f a c e  of N i  coated w i t h  1 mg/crn2 and oxid ized  a t  900°C 

f o r  40 minutes.  There i s  no evidence of mel t ing  bu t  many of t h e  s a l t  

p a r t i c l e s  have s i n t e r e d  toge the r .  F igures  30 a and b a r e  c ros s - sec t ions  

of  t h e  s c a l e  which, w i t h  t h e  corresponding EDAX spectrum, g ive  evidence 



of a potassium-containing liquid phase having formed and been incorporated 

into the scale. Figure 31 a shows a specimen oxidized under the same 

conditions for 3 hours. A thick, porous NiO scale has formed containing 

small 'nickel sulfides. Fieure 31b shows the scale on a specimen exposed 

at 977°C for 48 hours. Sulfide formation at the scalelmetal interface 

is evident. 

The mechanism by which K SO accelerates the corrosion of Ni is 2 4 

not yet clear but microstructures such as Figure 30 b strongly suggest 

some melting has occurred. This may be due to reaction between NiO 

and K2S04 to produce NiS04 at a low activity which may form a low melt- 

ing solution with K SO Unfortunately thermodynamic data are not available 
2 4' 

for confirmation of this possibility. 

Figure 32 presents the rate of oxidation of nickel coated with 

various salts in argon in which the oxygen partial pressure is approxi- 

mately atm. The rate of reaction is very slow and practically all 

. .... . . _  specimens lose weieht due to Na 2 SO 4 eva~oration exce~t in the case when 

Moo3 is added to Na2SO4 Fieure 33 a and b show the surface of nickel 

2 which was coated with Na2S04 (1 mulcm ) and oxidized in an Ar atmosphere 

at 900"~ for 40 minutes. The salt has melted and spread over the surface 

and fine grains of oxide have formed under the salt. A cross section of 

this scale is shown in ~igure 33c. The outer bright portion is Na2S04. 

Nickel oxide has formed under this melt. Energy dispersive X-ray analy- 

sis shows small amounts of nickel oxide dissolved into the Na2S04. No 

sulfides have been detected at the scale-metal interface. Figure 34 

shows the scale of nickel coated with MOO modified salt and oxidized in 3 

argon for 3 hours at 900°C. A fine equiaxed oxide formed at the scale- 

metal interface. Sulfides have formed along grain boundaries and the 

scale-metal interface is irregular. 

17  



The slow o x i d a t i o n  of t h e  specimens i n  argon i s  c o n s i s t e n t  w i th  t h e  

mechanism desc r ibed  p rev ious ly  and i l l u s t r a t e d  i n  F igu re  23. However, 

i n  t h e  low p  atmosphere s i g n i f i c a n t  r e p r e c i p i t a t i o n  of  N i O  a t  t h e  sa l t /  
O 2  

gas  i n t e r f a c e  does n o t  occur  t o  f r e e  up oxide  i o n s  t o  f u r t h e r  degrade 

t h e  s c a l e .  T h e r e f ~ r e ~ p e n e t r a t i o n  of t h e  s a l t  through t h e  s c a l e  does n o t  

occur .  The excep t ion  t o  t h i s  mechanism i s  aga in  t h e  co r ros ion  of N i  i n  

MOO con ta in ing  Na2S04. This  mechanism i s  n o t  completely understood bu t  3- 

t h e  a c c e l e r a t i n g  e f f e c t  of MOO may be  due t o  d i r e c t  degrada t ion  of t h e  3 

t h i n  N i O  s c a l e  by formation of so lub le  NiMo04. 

The above r e s u l t s  and t h e  proposed mechanisms f o r  t h e  h o t  c o r r o s i o n  

of  N i  i n d i c a t e  a s t r o n g  importance of s a l t  a c i d i t y .  To t e s t  t h i s  concept 

Na2S04-coated n i c k e l  specimens were exposed i n  oxygen atmospheres con- 

t a i n i n g  v a r i o u s  amounts of SO2. F igure  35 shows t h e  e f f e c t  of atmo- 
. :, 

sphe re  composition on t h e  k i n e t i c s  of ho t  co r ros ion .  The SO2-containing 

gases  were passed over  a P t  c a t a l y s t  t o  e s t a b l i s h  t h e  equ i l i b r ium S O ~ / S O  
3 

r a t i o  and correspond t o  l o g  4~ LrLweell -12 and - 1 4 . 5 .  Clea r ly  t h e  
a ,O  

a d d i t i o n  of SO t o  t h e  atmosphere has  decreased t h e  rate of o x i d a t i o n  3 

more e f f e c t i v e l y  than  t h e  a d d i t i o n  of compounds s1.1c.h as Ti0  t o  t h e  salt 2 

even though t h e  a d d i t i v e s  produce a  much lower a This  sugges t s  t h a t  
Na20 ' 

t h e  a d d i t i v e s  do n o t  d i s s o l v e  r a p i d l y  enough i n  t h e  s h o r t  t i m e  be fo re  

t h e  r a t e  p l a t e a u  is reached (usua l ly  s e v e r a l  minutes)  t o  come t o  e q u i l i -  

brium whereas t h e  t h i n  Na2S04 f i l m  appa ren t ly  e q u i l i b r a t e s  r a p i d l y  wi th  

SO i n  t h e  gas .  F igure  36 a l lows comparisnn nf t h e  s c a l e s  formed with 3 

and without  SO3 i n  t h e  atmosphere. The presence  of SO i n  t h e  atmosphere 
3  

r e s u l t s  i n  a  t h i n n e r  s c a l e  and t h e  absence of t h e  c e l l u l a r  s c a l e  morphology. 

Figure 37 shows t h e  r a t e  of o x i d a t i o n  of N i  a t  750° wi,th and wi thout  

Na SO coat ing .  The presence of s o l i d  Na SO (Tmp = 884OC) i s  seen  t o  2  4 .  2 4 

markedly a c c e l e r a t e  t h e  r a t e  of ox ida t ion  both  i n  t h e  presence  and absence 



of SO i n  t h e  gas .  This  behavior  i s  s i m i l a r  t o  t h a t  observed f o r  K2S04- 
3  

coa ted  ' ~ i  a t  900' (F igure  15) where t h e  r a t e  of o x i d a t i o n  was a c c e l e r a t e d  

even though t h e  temperature w a s  below t h e  me l t ing  p o i n t  of K2S04 (1069°C). 

F i g u r s 3 8  a  and b compare t h e  s c a l e s  on N i  a f t e r  s imple ox ida t ion  and 

ho t  corro'sion a t  750°C. The s .cale  on t h e  s a l t  coated specimen i s  t h i c k e r  

bu t  no t  porous o r  c e l l u l a r  a s  i t  i s  a t  h ighe r  temperatures .  The e f f e c t  

of Na SO a t  750°C i s  n o t  c l e a r  a t  t h i s  p o i n t .  It i s  p o s s i b l e  t h a t  s u l -  
2  4  

f u r  d i s so lved  i n  t h e  N i O  r e s u l t s  i n  more r a p i d  s c a l e  growth. However, 

i t  appears  t h e r e  i s  d i r e c t  i n t e r a c t i o n  between t h e  s a l t  and s c a l e .  

F igures  38 c  and d  show t h e  Na2S04 on t h e  s u r f a c e  of N i  may have s t a r t e d  

t o  mel t .  This  i s  somewhat s u r p r i s i n g  because i n  t h e  c a s e  of pure 0  2  

no low-melting c o n s t i t u e n t s  such a s  a  NiSO -Na SO e u t e c t i c  should form, 
4  2 4  

b u t , a s  d i scussed  f o r  K SO coated specimens,NiS04 a t  a c t i v i t i e s  much 2  4- 

l e s s  than  u n i t y  may be formed. 

4 .3 Hot Corrosion of Pure Cobalt  

The e f f e c t  of s a l t  composition on t h e  ho t  co r ros ion  of pure  Co a t  

9OO0C i s  i l l u s t r a t e d  i n  F igure  39. A l l  of t h e  Na2S04- based coa t ings  

slow t h e  r a t e  of ox ida t ion  r e l a t i v e  t o  uncoated Co and t h e  v a r i o u s  addi- 

t i v e s  t o  t h e  s a l t  have l i t t l e  e f f e c t  on t h e  r a t e s .  Goebel and P e t t i t  (20) 

and Johnson, e t .  a1!21) a l s o  observed t h a t  coa t ings  of pure Na SO slowed 
2  4  

t h e  r a t e  of ox ida t ion  of Co. This  behavior  was expla ined  a s  being due 

t o  t h e  r a p i d  rate of growth of COO, which produced a  t h i c k  l a y e r  of 

ox ide  be fo re  t h e  s a l t  melted. The Na SO was then  unable t o  p e n e t r a t e  
2  4  

t h e  t h i c k  s c a l e  and behaved a s  an  e x t r a  p r o t e c t i v e  l a y e r .  A coa t ing  of 

K2S04 which remains s o l i d  a t  900°C i s  seen t o  have n o . e f f e c t  on t h e  oxi-  

d a t i o n  r a t e  of Co s i n c e  t h e  coa t ing  does not  r e s t r i c t  t h e  acces s  of 

oxygen t o  t h e  specimen su r f ace .  F igure  40 shows t h e  s c a l e s  formed on 

s e l e c t e d  specimens of pure Co a t  900 '~ .  Even though t h e  s a l t s  do not  

19 



a c c e l e r a t e  t h e  o x i d a t i o n  of c o b a l t  they  do r e s u l t  i n  t h e  s c a l e  becoming 

non-uniform compared t o  uncoated Coy Figure  40a, and s u l f u r  p e n e t r a t i o n  

through t h e  s c a l e  produces s u l f i d e s  a t  t h e  s c a l e l m e t a l  i n t e r f a c e  and on 

me ta l  g r a i n  boundar ies .  These r e s u l t s  i n d i c a t e  t h e  same ho t  co r ros ion  

processes  occur  f o r  Co a s  t h o s e  descr ibed  i n  t h e  previous  s e c t i o n  f o r  

N i  b u t  t h e  f a s t e r  growth r a t e  of COO prevents  t h e i r  e f f e c t s  from be ing  

s e e n  i n  t h e  o x i d a t i o n  r a t e s .  

F igure  41  shows t h e  r n t c  of o ~ c i d a t i o n  of Co at 750°C i n  0 and O2 + 
2 

1000 p p ~  307 ( e q u i l i b r a t e d  t o  equ i l i b r ium P /P ) w i t h  and wi thout  
SO2 ST) 

3 
Na2S04' coa t ings .  The presence  of t h e  s a l t  dece ra ses  t h e  r a t e  i n  both  

atmospheres.  F igu re  42 shows . t he  s c a l e s  formed on s e l e c t e d  specimens 

i n d i c a t i n g  t h a t  t h e  s a l t  r e ~ u l t s  i n  s c a l e  non-uniformity even though i t  

dec reases  t h e  o v e r a l l  growth r a t e .  The micrograph and corresponding 

s u l f u r  map of F igu res  42 c  and d i n d i c a t e  t h a t  t h e  s c a l e  grows t h i c k e r  

. . i n  r eg ions  which are pene t r a t ed  by s u l f u r  t o  form s u l f i d e s  a t  t h e  s c a l e /  

me ta l  i n t e r f a c e .  Whether t h i s  i s  due t o  a s u l f u r  doping e f f e c t  o r  t h e  

formation of  s u l f i d e  s h o r t - c i r c u i t  pa ths  through the  s c a l e  i s  no t  y e t  

c l e a r .  F igure  43 shows t h e  o u t e r  s u r f a c e  of  s c a l e s  formed i n  t h e  presence 

(b ,c ,d)  and absence ( a )  of Na2S04 a t  750°C. There i s  a c l e a r  d i f f e r e n c e  

i n  t h e  s c a l e  morphology between coated and uncoated specimens and a  

s t r o n g  i n d i c a t i o n  of i n t e r a c t i o n  between t h e  s a l t  and s c a l e .  A s  i n  t h e  

c a s e  of N i  t h e  s a l t  g i v e s  i n d i c a t i o n s  of me l t i ng  i n  some a r e a s  even 

though no low me l t ing  phases should form. I n  o r d e r  t o  i nves r lgace  t h i s  

phenomenon Na SO c o a t i n g s  were sprayed on both  plat inum and c o b a l t  cou- 2 4 

pons and hea ted  i n  a  h o t  s t a g e  microscope. Fi'gure 44 shows t h e  Na2S04 

on plat inum b e f o r e  hea t ing ,  a f t e r  h e a t i n g  t o  750°C, aRd a f t e r  h e a t i n g  t o  

900°C. It i s  c l e a r  t h a t  l i t t l e  change i n  t h e  Na2S04 c r y s t a l s  occurs  on 

h e a t i n g  t o  750°C and t h a t  complete me l t i ng  has  occurred a t  900°C. 

2 0 



Figure  45.shows t h e  same sequence f o r  Na SO on c o b a l t .  Here t h e r e  i s  
2  4  

evidence of me l t i ng  of t h e  s a l t  even a t  750°C. A s  d i s c u s s e d . f o r  N i ,  t h e  

most l i k e l y  exp lana t ion  of t h i s  e f f e c t  i s  t h a t  t h e  SO p r e s s u r e  generated 
3 

by t h e  N a  SO is h igh  enough t o  a l low CoSO formation by i n t e r a c t i o n  2 4  4  

between t h e  s a l t  and s c a l e .  .Although pure CoS04 would n o t  be s t a b l e  

under t h e s e  cond i t i ons  CoSO d i s so lved  i n  Na SO may be s t a b l e  and may 4  2  4  

l e a d  t o  a  lowering of t h e  mel'ting p o i n t .  . This.  phenomenon must be inves-  

t i g a t e d  f u r t h e r  a s  it  has  important  imp l i ca t ions  regardeing t h e  mechanisms 

of h o t  co r ros ion  a t  low temperatures  (700-800°C). 

An a d d i t i o n a l  f e a t u r e  of t h e  h o t  co r ros ion  of c o b a l t  a t  750°C a r e  

t h e  bulges which form i n  t h e  s c a l e  such as those  shown i n  F igure  42. 

These bulges  a r e  found t o  occur  between an  o u t e r  Co 0  l a y e r  and an  3 4 
. . 

i n n e r  COO l a y e r .  The o r i g i n  of t h i s  e f f e c t  i s  n o t  c l e a r  b u t  i s  appar- 

e n t l y  a s s o c i a t e d  wi th  t h e  presence of s u l f u r  r a t h e r  t han  a  condensed 

.> s a l t  s i n c e ,  as seen  i n  F igure  46, t hese  bulges  form i n  t h e  absence of 

Na2S04 when SO i s  p re sen t  i n  t h e  ox id i z ing  gas.  
2  

4.4 Hot Corrosion -of.NPckel-Base Alloys 

4.4.1 Simple Binary and Ternary Alloys 

The ho t  co r ros ion  of s imple Ni -A1,  N i - C r ,  and N i - C r - A 1  a l l o y s  which 

, a r e  t h e  b a s i s  f o r  most h igh  temperature a l l o y s  has  been s t u d i e d  t o  pro- 

v i d e  a  b a s e l i n e  f o r  i n t e r p r e t i n g  t h e  more complex behavior  of commercial 

supe ra l loys .  

F igure  47 shows t h e  e f f e c t  of s a l t  composition on t h e  r a t e s  of 

ox ida t ion  of a  Ni-6 w t %  Al a l l o y .  The shape of t h e  weight change curves  

a r e  q u a l i t a t i v e l y  t h e  same a s  t hose  f o r  pure N i .  However, t he  i n i t i a l  

r a p i d  r e a c t i o n  ceases  a t  a sma l l e r  weight i n c r e a s e  . due  t o  t h e  formation 

of N i A l  0  i n  t h e  i n n e r  p o r t i o n s  of t h e  N i O  s c a l e  and l i n k i n g  up of 
2  4 

~ 1 ~ 0 ;  i n t e r n a l  ox ides  a t  t h e  s c a l e l m e t a l  i n t e r f a c e .  A t y p i c a l  s c a l e  i s  



shown i n  F igu re  48. The s c a l e  i s  r i c h  i n  N i O  and NiA1204 over  a n  i n t e r -  

n a l l y  oxid ized  r e g i o n  of.A1203 i n  e s s e n t i a l l y  pure N i .  

F igure  49 shows t h e  e f f e c t  of s a l t  chemis t ry  on t h e  r a t e  of oxida- 

t i o n  of Ni-16Cr a l l o y s  a t  977OC. .The i n i t i a l  r a p i d  r a t e  i s  due t o  b a s i c  

f l u x i n g  of N i O  formed dur ing  t h e  t r a n s i e n t  per iod  of r e a c t i o n  bu t  t h e  

r a t e  r a p i d l y  dec reases  due t o  Cr2U3 r e a c t i n g  w i t h  N a  0 i n  t h e  s a l t  (22,231 
2  

and t o  t h e  formation of a  Cr20g s c a l e .  Af t e r  iong t imes t h e  r a t e  i s  

e s s e n t i a l l y  t h e  same as t h a t  f o r  s imple oxida t ion .  The cont inued decrease  

i n  w e i g h t  of  t h e  specimen coated w i t h  Na 2 4  SO + K 2 4  SO i s  due t o  .evapora- 

t i o n  of K2S04 from t h e  s a l t .  The r e a c t i o n  of Ni-50 w t %  C r  coa ted  w i t h  

t h e  s a l t s  r e s u l t s  i n  s i m i l a r  weight ga ins  a f t e r  long t imes b u t  t h e  i n i -  

.: 
t i a l  r a p i d  r e a c t i o n  i s  absen t  due t o  t h e  absence of s i g n i f i c a n t  N i O  

. , 
. . 

formation du r ing  t h e  t r a n s i e n t  ox ida t ion  per iod  and t h e  r a p i d  formation 

Figure  50 shows t h e  e f f e c t  of s a l t  chemistry on t h e  r a t e  of oxida- 

\.$. 
t i o n  of Ni-10 w t %  Cr-4 w t %  A 1  a t  900°C. The shape of t h e  curves  i s  qua l i -  

. . 
t a t i v e l y  t h e  same a s  t h a t  f o r  Ni-bhl; however, t h e  p o i n t s  a t  which t h e  

r a p i d  b a s i c  f l u x i n g  ceases  occur a t  sma l l e r  weight g a i n s  due t o  t h e  

e f f e c t  of C r  0  d i s s o l u t i o n  i n  t h e  salt  decreas ing  t h e  Na 0  a c t i v i t y  (22,231 
2 3 2 

The weight g a i n s  a t  which t h e  r a t e  decreases  occur  a r e  i n  t h e  same o r d e r  

. f o r  t h e  v a r i o u s  a d d i t i v e s  a s  w a s  observed f o r  Ni-GA1 f u r t h e r  r e f l e c t i n g  

t h e  e f f e c t s  of t h e  a d d i t i v e s  i n  decreas ing  t h e  Na20 a c t i v i t y .  

The important  observa t ion  from t h e s e  experiments i s  t h a t  s imple N i  

a l l o y s  con ta in ing  s i g n i f i c a n t  amounts of A 1  and/or  C r  do n o t  undergo 

seve re  ho t  co r ros ion  i n  t h e  temperature range  900-1000°C wi th  any of t h e  

s a l t s  t e s t e d .  



4.4.2 Commercial Alloys'(B-1900, IN-738) 

  he s i g n i f i c a n t  d i f f e r e n c e  between t h e  ox ida t ion  and ho t  co r ros ion  

r e s i s t a n c e  of B-1900 has  long been recognized and s u b j e c t  t o  ex t ens ive  

s tudy  (21y 22' 24-26). The composition of t h i s  a l l o y  i s  ~i-8Cr-6A1-6Mo- 

10Co-1.OTi-4.3Ta-9.11C-0.15B-0.07Zr which i s  extremely s u s c e p t i b l e  t o  h o t  

co r ros ion  a t t a c k .  F igure  5 l ' shows  t h e  r a t e  of  ox ida t ion  of B-1900 a t  

950°C i n  t h e  presence of a  1 mg/cm2 N a  SO coa t ing .  . (The rate of  s imple 
2 4 

ox ida t ion  i s  too  low t o  be observable  on t h e  s c a l e  of F igure  51.) A f t e r  

a  s h o r t  incubat ion  t ime a  r a p i d l y  a c c e l e r a t i n g  weight ga in  occurs .  The 

oxide s c a l e  formed on t h e  specimens dur ing  t h e  r e a c t i o n  was ve ry  porous 

and t h i c k  wi th  a  l aye red  t e x t u r e  which peeled o f f  on coo l ing  t o  room 

temperature.  X-ray d i f f r a c t i o n  a n a l y s i s  of t h e  s p a l l e d  s c a l e  i n d i c a t e d  
. . .: 

i -... 

a l a r g e  amount of N i O  and a smal l  amount of NiMo04 and s p i n e l .  X-ray 
. - .  . . 7; . . - .  

ana lyses  were a l s o  made of t h e  .oxide t h a t  remained on t h e  specimen i n d i -  

c a t i n g  a l a r g e  amount of NiMo04 on t h e  su r f ace .  Therefore ,  i t  i s  apparent  

t h e  oxide  peeled o f f  j u s t  above a  NiMo04 l a y e r  t h a t  was c l o s e  t o  t h e  
a .  . .  - . . .> 

al loy-oxide i n t e r f a c e ;  The meta l lographic  r e s u l t s  from t h i s  r eg ion  s h o w  . . 
' . -.I;,- .*.. 

i n  F igure  52 i n d i c a t e  a  r eg ion  of Mo-rich phases r e s t r i c t e d  t o  a  narrow 

zone between t h e  o u t e r  porous s c a l e  and inne r  matrix. .  EDAX r e s u l t s  i n d i -  

c a t e  t h i s  l a y e r  c o n t a i n s  Na, S, Ta, Mo, N i ,  C r  and A l .  It appears  t h i s  

reg ion  may be a  s o l u t i o n  of Na SO and Na2Mo04 i n t o  which A1203, Cr203, 2  4 

N i O  and Ta 0 a r e  d i s so lved .  Beyond t h i s  zone t h e  l aye red  s c a l e  con ta ins  2 5 

mainly N i O .  I n t e r n a l  ox ides  a t  t h e  metal--scale  i n t e r f a c e  c o n s i s t  mainly 

of C r  and A 1  oxides .  It i s  c l e a r  a  cont inuous l a y e r  of Cr20j and A1203 

i s  no t  developed on t h e  a l l o y  su r f ace .  Sphe r i ca l  chromium s u l f i d e  p a r t i -  

c l e s  form i n  f r o n t  of t h e  i n t e r n a l  oxide s t r i n g e r s .  

The e f f e c t  of s a l t  composition on t h e  h o t  co r ros ion  of a l l o y  B-1900 

was p l s o  s tudied .  F igure  51  a l s o  shows t h e  r a t e  of o x i d a t i o n . o f  B-1900 

2 3 



a t  950°C wi th  s e v e r a l  sal t  coa t ings .  Coat ing w i t h  1 mg/cm2 Na2S04 + 
K SO r e s u l t s  i n  a  sudden i n c r e a s e  i n  r e a c t i o n  r a t e  i n  t h e  i n i t i a l  s t age .  

2  4  

I n c r e a s i n g  t h e  a c i d i t y  of t h e  sal t  by adding Si02  and Ti02 dece ra ses  t h i s  

i n i t i a l  o x i d a t i o n  r a t e .  The a d d i t i o n  of SiO t o  t h e  s a l t  r e s u l t s  i n  a 
2  

s h o r t  i ncuba t ion  pe r iod . fo l lowed  by r ap id  ox ida t ion  w i t h  t h e  r a t e  approxi- 

mate ly  equal  t o  t h a t  f o r  Na2S04. The specimen coa ted  w i t h  Na2S04 + Ti02 

showed a cons iderably  longer  i ncuba t ion  t i m e .  Apparently,  t h e  i n c r e a s e  

i n  t h e  a c i d i t y  of t h e  depos i ted  sal t  r e s u l t s  i n  t h e  i n c r e a s e  i n  t h e  incu- 

b a t i o n  per iod  t o  breakaway f o r  B-1900 by p reven t ion  of  b a s i c  f l u x i n g  of 

t h e  t r a n s i e n t  ox ides  dur ing  t h e  i n i t i a l  s t a g e s  of exposure. 

The d i f f e r e n c e  i n  h o t  co r ros ion  behavior  of B-1900 a s  compared w i t h  

t h e  s imple Ni-Cr-A1 a l l o y s  i s  due t o  t h e  h igh  r e f r a c t o r y  meta l  conten t  

of B-1900. The oxides  of t h e  r e f r a c t o r y  elements  such a s  molybdenum, 

tungs t en  and vanadium w i l l  d i s s o l v e  i n t o  t h e  Na SO forming, molybdates,  
2  4  

t u n g s t a t e s  and vanadates  and composition of  t h e  Na2S04 w i l l  be  d i sp l aced  

t o  a  more a c i d i c  salt .  The a d d i t i o n  of t h e  r e f r a c t o r y  element oxides  

i n t o  t h e  s a l t  w i l l  depend on t h e  c h a r a c t e r i s t i c s  of t h e  ox ida t ion  of t h e  

a l l o y .  For some a l l o y s  t h e  r e f r a c t o r y  elements are oxid ized  a t  t h e  ve ry  

beginning of t h e  o x i d a t i o n  process ,  whereas f o r  o t h e r , s e l e c t i v e  ox ida t ion  

of o t h e r  elements r e s u l t s  i n  ldnger  exposure t imes  be fo re  t h e  r e f r a c t o r y  

element oxides  a r e  a v a i l a b l e  t o  t h e  N a  SO I n ' t h e  h o t  c o r r o s i o n  of 
2 4' 

B-1900, i t  seems a t  t h e  i n i t i a l  s t a g e  a b a s i c  f l u x i n g  r e a c t i o n  dominates. 

The r e f r a c t o r y  element concen t r a t ion  a t  t h i s  s t a g e  is  not  enough t o  

cause an  a c i d i c  r e a c t i o n  t o  occur.  The r e a c t i o n  is  s i m i l a r  t o  t h a t  f o r  

Ni-1OCr-4A1 a l l o y .  A cont inuous l a y e r  of Cr203 and A1203 w i l l  n o t  b e  

a b l e  t o  form on t h e  s u r f a c e ,  an oxygen g r a d i e n t  w i l l  b e  developed a c r o s s  

t h e  t h i n  f i l m  of t h e  s a l t ,  and a s  t h e  r e s u l t  of t h i s  g r a d i e n t  i n  t h e  

oxygen p re s su re ,  t h e  s u l f u r  a c t i v i t y  w i l l  i nc rease  and s u l f i d e s  w i l l  form 



on the surface. In turn the oxide ion content in the Na SO will 
2 4 

reach a point at which A1203 and Cr 0 dissolve into Na SO as anions. 
2 3 2 4 

The alumina'te and chromate ions diffuse away from the surface and decom- 

pose into A1203 andCr 0 However, unlike Ni-1OCr-4Al the oxides of 2 3' 

molybdenum will also dissolve into the Na2S04 forming molybdates. The ' 

increased acidity of the salt then.results in acid fluxing of A1203 so 

that a protective scale never reforms and catastrophic degradation ensues. 

TheCr2O3-forming alloy IN-738 (Ni-16Cr-3.4A1-3.4Ti-1.7M0-2.6W-1.7Ta- 

8.5Co-0.9Cb-0.17C-0.2Mn-0.3Si-O.1Zr-O.OlB) is generally thought to have 

superior hot corrosion resistance to alloys such as B-1900. However, 

IN-738 is also subject to severe.corrosion as seen from Figure 53. The 

rate curves are characterized by an incubation period followed by a 

breakaway ~eriod during which the rate is markedlv accelerated. It is 

clear that the time to breakaway.is temperature sensitive being a mini- 

mum between 950 and 970°C. The nature of the breakaway phenomenon in 

alloys such as IN-738 is being studied in a separate NASA-funded program 

but a review of the results (27) are pertinent to the present discussion. 

Figure 54 shows several cross sections of an IN-738.specimen which was 

L oxidized for 10 hours with a 1 mg/cm coating of Na2SOL These sections 

are taken successively from the specimen center to a corner but, since 

the breakaway begins at specimen corners, also show the chronology of 

protective scale breakdown. Figure 54a is at the region where a pro- 

tective scale still exists. The morphology indicates the sulfur has 

penetrated through the outer scale of the oxide forming (Cr,Ti) sulfides 

beneath the subscale of needle-like A1203.. The outer scale is Cr203 

which is overlaid by a think layer of TiOZ Figure 54b shows a region 

of the scale which has broken down. The internal oxidation zone is 

absent and a large amount of sulfides start to form. These are chromium 



s u l f i d e s ;  no t i t a n i u m  i s  f o u n d . i n  t h e s e  s u l f i d e s .  I n  o t h e r  r e g i o n s  of 

t h e  specimens (F igure  54c)., a  l a y e r  of (Cr,Al) s u l f i d e s  form a t  t h e  s ca l e -  

me ta l  i n t e r f a c e .  It is  c l e a r  t h e  i n t e r n a l  AI2O3 has  d isappeared  and t h e  

o u t e r  Cr203 s c a l e  i s  becoming t h i n n e r .  A l a r g e  amount of  chromium s u l -  

f i d e s  were observed i n  t h e . m a t r i x ,  and t h e  a l l o y  nea r  t h e  s u r f a c e  i s  

d e p l e t e d  of chromium. F igure  54d shows t h e  a c t u a l  s c a l e  breakdown. 

Loca l ly  t h e  o u t e r  Cr203 becomes t h i c k e r  and a t  t h e  t i p  of t h e  c rack ,  N a ,  

S, C r ,  T i ,  Ta, W and Mo were d e t e c t e d  by EDAX. The s u l f i d a t i o n  i s  exten- 

s i v e .  F igure  54e shows t h e  sca ' le  corresponding t o  t h e  p l a c e  where break- 

away has  a l r e a d y  occurred .  The o u t e r  s c a l e ,  n o t  shown, i s  g r e a t e r  than  

70vm t h i c k .  The format ion  of s u l f i d e s  a long  t h e . g r a i n  boundaries  l i f t s  

p o r t i o n s  of t h e  a l l o y  i n t o  t h e  s c a l e .  These a r e  subsequent ly oxid ized  

t o  form a l aye red  N i O  s c a l e .  

It has been observed t h a t  t h e  a c t u a l  s c a l e  breakdown occurs  a t  sites 

where a l l o y  c a r b i d e s  i n t e r s e c t  t h e  s ~ e c i m e n  s u r f a c e  and carbon-free model a 

. .. . ... 

(27)  The model a l l o y s  have n o t  been observed t o  undergo breakaway . .. - . 
which has  been proposed t o  e x p i a i n  t h e  h o t  co r ros ion  of IN-738 i s  shown 

schemat i ca l ly  i n  F igu re  55. I n i t i a l l y  a t h i n ,  p r o t e c t i v e  l a y e r  of C r  0  2 3 

forms under t h e  Na2s04, F igure  55a. However, a t  t h e  s i t e s  where a l l o y  

c a r b i d e s ,  (T i ,  Ta, Mo, W,  Cb)C, i n t e r s e c t  t h e  s u r f a c e  t h e r e  e x i s t s  

l o c a l l y  high concen t r a t ions  of e lements  which when oxid ized  and coming 

i n  c o n t a c t  w i t h  t h e  molten s a l t  produce very  a c i d  cond i t i ons .  This  

r e s u l t s  i n  t h e  l o c a l  d i s s o l u t i o n  of  t h e  s c a l e  and t h e  p e n e t r a t i o n  of 

t h e  s a l t  t o  t h e  s c a l e / a l l o y  i n t e r f a c e ,  F igure  55b. Here, s i n c e  t h e  

s a l t  i s  p a r t i a l l y  i s o l a t e d  from t h e  atmosphere,  t h e  p w i l l  d ec rease  
O2 

and t h e  p w i l l  i n c r e a s e .  This  r e s u l t s  i n  t h e  A 1  0  i n t e r n a l  ox ides  
2 2 3 

becoming an e s s e n t i a l l y  cont inuous A1203 l a y e r  and a n  i n c r e a s e  i n  t h e  

d e n s i t y  of s u l f i d e s  which con ta in  p r i m a r i l y  C r  and T i ,  F igure  55c. 



As this process continues the p continues to incerase and refractory 
2 

metal oxides are concentrated in the salt. The increased p results in 
2 

the formation of massive Cr-sulfides, which are less stable than the 

Cr-Ti sulfides, in alloy grain boundaries, Figure 55d, and the eventual 

incorporation of entire grains of metal,.which are now essentially pure 

Ni, into the scale where they are oxidized to produce the layered NiO 

scale characteristic of. breakaway corrosion, Figure 55e. Figure 56 

shows the effect of salt co~llposition on the hot corrosion of IN-738 at 

977°C. The increased attack with increasingly.more acid salts is con- 

sistent with the above model. 

Table I summarizes the effect of salt composition on the hot cor- 

rosion of a number of Ni-base alloys at 977OC (1250K). Simple Cr203- 

forming alloys (Ni-20Cr, Ni-50Cr) are seen to show small weight changes 

and to be relatively insensitive to changes in salt composition. Those 
r-  ( I  

alloys which are susceptible to extensive hot corrosion are sensitive 
.. . 
* .  . 

to salt composition. Salts which are solid at the reaction temperature, 

K2S04 (Tmp=1342K) and CaS04 (T =1673K) have little effect on the rates 
mP 

of oxidation except for pure Ni which is heavily oxidized in the presence 

of K 2 S 0 4 .  

In summary, the Ni-base alloys studied show hot corrosion behavior 

which is quite sensitive to alloy and salt composition. Binary Ni-Cr 

alloys show good resistance to all the salts studied but the addition of 

alloying elements to provide superalloy compositions such as IN-738 re- 

sult in extremely rapid attack after an incubation period. The break- 

away attack of this type of alloy appears to be related to the presence 

of carbides in the alloy. Alloy B-1900 shows rapid corrosion when coated 

with Na2S0,, with essentially no incubation time while coating with more 



a c i d  salts r e s u l t s  i n  a  shor , t  incubat ion  per iod  p r i o r  t o  breakaway. The 

poor co r ros ion  r e s i s t a n c e  of t h e  commercial a l l o y s  i n d i c a t e s  t h a t  they  

may n o t  be used i n  t h e  uncoated cond i t i on .  

4.5 Hot Corrosion of Cobalt-Base Alloys 

F igure  57 p r e s e n t s  t h e  r a t e s  of ox ida t ion  a t  900°C of Co-20 w t %  C r  

and Co-20 C r  i n t o  which has  been added 20 w t %  N i  o r  5 w t %  Ti .  The pre- 

sence  of t h e  s a l t s  i s  seen  t o  a c c e l r a t e  ox ida t ion ,  b u t  n o t  by a  l a r g e  

amount. Of t h e  s a l t s  shown t h e  mixture  Na2S0,, + 20% K,SO produces t h e  
& 4 

most r a p i d  co r ros ion .  The reason  f o r  t h i s  i s  not; clear;  however, 

e l ec t rochemica l  c e l l  measurements have i n d i c a t e d  t h a t  t h i s  s a l t  ha s  t h e  

h i g h e s t  a c t i v i t y  of Na20 of any of t h e  s a l t s  used sugges t ing  t h a t  forma- 

t i o n  of sodium c o b a l t a t e  o r  chromate may be involved wi th  t h e  enhanced 

co r ros ion .  F igure  58 shows t h e  s c a l e  formed on Co-20 C r  which was 

coa ted  wi th  1 mg/cm2 Na2S04 + K2S04 and r eac t ed  f o r  48 hours  a t  900°C. 

The o u t e r  s c a l e  i s  COO con ta in ing  a smal l  amount of Co304, t h e  inne r  

s c a l e  1 s  spinel CaCr O and t h e  p a r t i c l e s  i n  t h e  a l l o y  a r e  chromium 2 4' 

s u l f i d e .  Th i s  s c a l e  i s  t y p i c a l  of t h e  sa l t - coa t ed  a l l o y s  and of t h e  

a l l o y  r eac t ed  i n  s imple oxidation except  f n t  t.he ahsence of s u l f i d e s  i n  

t h i s  case .  F igu re  57 a l s o  shows a marked decrease  i n  t h e  r a t e  of oxi-  

d a t i o n  and ho t  co r ros ion  of Co-20Cr when 20 w t %  N i  i s  added. This  i s  

t h e  r e s u l t  of t h r e e  f a c t o r s .  F i r s t , t h e  o u t e r  s c a l e  on t h i s  a l l o y  i s  a 

s o l i d  s o l u t i o n  (COO-NiO) which grows more s lowly than  t h e  COO on Co-20Cr. 

Secondly, t h e  d i f f u s i v i t y  of Cr i s  g r e a t e r  i n  t h e  Co-2ONi a l l o y  whish 

r e s u l t s  i n  a  f l u x  of C r  t o  t h e  s c a l e l m e t a l  i n t e r f a c e  s u f f i c i e n t  t o  form 

Cr203 r a t h e r  than  CoCr204. F i n a l l y ,  t h e  N i ,  by s t a b i l i z i n g  t h e  f c c  s t r u c -  

t u r e ,  avoids  d i s r u p t i o n  of t h e  s c a l e  due t o  t h e  a l l o t r o p i c  t ransformat ion  

i n  t h e  Cr-depleted zone underlying t h e  s c a l e .  This  e f f e c t  i s  c l e a r l y  

shown i n  F igure  59. The a d d i t i o n  of 5% T i  t o  Co-20Cr is  seen  from 



Figure  57 t o  decrease  t h e  r a t e  of ox ida t ion  markedly. This  i s  t h e  r e s u l t  

o f  formation of a continuous'  C r  0 s c a l e  on t h e  Ti-containing a l l o y .  
2 3 

However, t h e  s c a l e s  on a l l  Ti-containing a l l o y s  were found t o  spa11 exten- 

s i v e l y  on cool ing .  

F igure  60 shows t h e  r a t e . o f  o x i d a t i o n  of Co-27Cr and Co-27Cr-20Ni 

a t  900°C both  i n  s imple ox ida t ion  and h o t  co r ros ion .  The r a t e s  of oxi-  

d a t i o n  are slower f o r  Co-27Cr than  Co-20Cr due t o  t h e  formationof a Cr203- 

r i c h  l a y e r  on the  former and t h e  presence of a s a l t  coa t ing  h a s  l i t t l e  

e f f e c t  on t h e  r a t e .  The a d d i t i o n  of 20 w t %  N i  t o  Co-27Cr f u r t h e r  improves 

t h e  oxidgt ion  and ho t  co r ros ion  r e s i s t a n c e ,  f o r  t h e  reasons  descr ibed  

p rev ious ly ,  g iv ing  t h e  b e s t  ox ida t ion  p r o p e r t i e s  of  any s imple Co-base 

a l l o y  s tud ied .  F igure  61  shows t h e  e f f e c t  of d e p o s i t  composition on t h e  

r a t e  of ox ida t ion  of Co-27Cr a t  977°C. The a c c e l e r a t i o n  due t o  t h e  pres-  

ence of t h e  salt coa t ings  is s l i g h t  except  f o r  Na SO t o  which NaCl has  
2 4 

been added. This  r e s u l t  i s  gene ra l .  A l l  C r  0 -forming Co-base a l l o y s  
2 3 

s tud ied  showed t h e  most s eve re  a t t a c k  when c h l o r i d e s  were p re sen t  i n  t h e  

s a l t .  The in f luence  of t h e  c h l o r i d e s  was always to :  

( i )  i n c r e a s e  s p e c i f i c  weight ga ins  a t  temperature;  

( i i )  i n c r e a s e  t h e  depth of i n t e r n a l  o x i d a t i o n  and s u l f i d a t i o n ;  

( i i i )  i n c r e a s e  t h e  amount of s c a l e  s p a l l i n g  on c o u l i i ~ g .  

These obse rva t ions  a r e  convenient ly i l l u s t r a t e d  f o r  t h e  commercial 

a l l o y  FSX-414 (Co-29.5Cr-7W-lONi-2Fe-0.35C). Figure  62 shows t h e  r a t e  

of ox ida t ion  of FSX-414 a t  9 7 7 ' ~  wi th  v a r i o u s  s a l t  coa t ings .  Like 

Co-27Cr t he  r a t e  is slow and r e l a t i v e l y  independent of s a l t  composition 

except  f o r  t h e  ch lor ide-conta in ing  s a l t .  The s l i g h t  weight dec reases  

observed wi th  Na SO and Na2S04 + K SO coa t ings  a r e  t h e  r e s u l t  of s a l t  
2 4 2 4 

evapora t ion .  Even though t h e  a b s o l u t e  weight ga ins  produced by t h e  s a l t  

con ta in ing  NaCl a r e  not c a t a s t r o p h i c  t h e  u s e f u l  t h i ckness  of t h e  a l l o y s  



i s  r a p i d l y  degraded. This  can be  seen  from Figure  63 which shows t h e  

p e n e t r a t i o n  of chromium s u l f i d e  and oxide  goes deep i n t o  t h e  a l l o y ,  

p a r t i c u l a r l y  a long  t h e  g r a i n  boundary ca rb ides .  Such p e n e t r a t i o n  is  n o t  

observed i n  t h e  absence of c h l o r i d e s  (F igure  64a) .  The a l l o y  r eg ions  

benea th  t h e  s c a l e  a r e  a l s o  seen  t o  con ta in  a cons ide rab le  number of vo ids  

sugges t ing  t h e  format ion  of a vapor phase. This  has  been observed by 

El-Dahshan, e t .  a l .  (28) f o r  Co-Cr-C a l l o y s  and expla ined  i n  terms of t h e  

p e n e t r a t i o n  of Cr-carbide netwoiks alld their conversion t o  C r C l  The 
2 ' 

i n f l u e n c e  of  c h l o r i d e  on t h e  s p a l l i n g  c h a r a c t e r i s t i c s  of FSX-414 are 

i l l u s t r a t e d  i n  F igu re  65. The s p a l l i n g  i s  minimal f o r  s imple ox ida t ion  

and N a  SO c o a t i n g  but  almost complete f o r  t h e  specimen coated w i t h  2 4  

Na2S04 4- N a C 1 .  

The s m a l l e s t  weight  i n c r e a s e s  a t  900°C f o r  a l l  Co-base a l l o y s  were 

observed f o r  a  Hf-modified CoCrAl coa t ing  a l l o y  (Co-18Cr-6Al-1Hf) a s  

i l l u s t r n t c d  i n  F igu re  66. However, t h e  alumina s c a l e  which forms s p a l l s  

e x t e n s i v e l y  when NaCl i s  p re sen t  i n  t h e  s a l t .  More ex tens ive  i n v e s t i -  

g a t i o n  of coa t ing  a l l o y s  w i l l  b e  d iscussed  i n  t h e  next  s e c t i o n .  

The e f f e c t s  of Na SO and NaCl on the  48 hour ox ida t ion  weight ga ins  
2 4  

of a  number of Co-base a l l o y s  a t  900°C a r e  summarized i n  Table 11. Sev- 

e r a l  of t h e  a l l o y s ,  p a r t i c u l a r l y  Co-2flNi-27Cr, Co-18Cr-6Al-lHf, and 

FSX-414, a r e  r e l a t i v e l y  unaf fec ted  by t h e  d e p o s i t i o n  of pure Na2S04 b u t  

t h e  a d d i t i o n  of 20% NaCl r e s u l t s  i n  ex t ens ive  s c a l e  s p a l l i n g  from a l l  

a l l o y s  wi th  t h e  except ion  of FSX-418 which i s  Y-modified FSX-414. A l l  

of t he  a l l o y s  were h e a v i l y  a t t a c k e d  when coated wi th  pure NaC1. However, 

t h i s  t e s t  i s  considered too seve re  s i n c e  t h e  q u a n t i t y  of c h l o r i d e  re- 

maining i n  a t u r b i n e  a t  t h i s  temperature w i l l  never  be l a r g e .  The f i n a l  

column of Table I1 i nc ludes  t h e  r e s u l t s  f o r  N a C l  c o a t i n g  a t  750°C. 

Again most of  t h e  a l l o y s  a r e  r a t h e r  h e a v i l y  a t t a c k e d .  



I n  summary, a number of Co-base a l l o y s  (Co-20Ni-27Cr, Co-18Cr-6Al-lHf, 

FSX-414 and s i m i l a r  a l l o y s )  have adequate  ho t  co r ros ion  r e s i s t a n c e  a t  

t empera tures  of 900°C and above t o  most of t h e  d e p o s i t s  l i k e l y  t o  form 

i n  t u r b i n e s  running on g a s i f i e d  c o a l  if t h e  presence of c h l o r i d e s  can 

be minimized. I n  t h i s  l a t t e r  ca se  a l l o y s  con ta in ing  ex tens ive  c a r b i d e  

networks w i l l  be  heav i ly  a t t acked .  Most of t h e s e  a l l o y s ,  wi th  t h e  ex- 

cep t ion  of FSX-414, must be considered only  f o r  coa t ing  a p p l i c a t i o n s  

because they  l a c k  high-tempereature s t r e n g t h .  

4.6 Hot Corrosion of Coating Alloys 

The r e s u l t s  of t h e  previous  two s e c t i o n s  i n d i c a t e  t h a t  coated a l l o y s  

w i l l  be  r equ i r ed  f o r  most o r ,  perhaps,  a l l  of t h e  components i n  t u r b i n e s  

- . f i r e d  by c o a l  conversion products .  Therefore,  s t u d i e s  of t h e  hot  cor- 

...- ro s ion  behavior  of p o t e n t i a l  coa t ing  a l l o y s  have been i n i t i a t e d .  The 

a l l o y s  inc lude  systems based on Co-Cr and Co-Cr-A1 which were shown i n  

. . ... t h e  previous  s e c t i o n s  have good hot  co r ros ion  r e s i s t a n c e  a t  t empera tures  

. .  
: . zL on t h e  o rde r  of 900°C and Fe-Cr-A1 a l l o y s .  

. . ' 4 .6 .1  Cobalt  Base- Coatings 

Coatings based on t h e  Co-Cr-A1 system a r e  now widely used i n  marine 

and a i r c r a f t  t u r b i n e s .  They a r e  known t o  have e x c e l l e n t  h o t  co r ros ion  

r e s i s t a n c e  a t  normal t u r b i n e  ope ra t ion  reriipesrarures (900-1000°C). IJow- 

eve r ,  they a r e  s u b j e c t  t o  s eve re  degrada t ion  a t  lower temperatures  

(700-800°C) which can occur  when t h e  t u r b i n e s  a r e  ope ra t ing  a t  low power 

o r  a t  p a r t i c u l a r  l o c a t i o n s  o n t u r b i n e  components which normally f a l l  i n t o  

t h i s  temperature range(29) .  This  s eve re  c o r r o i i o n  i s  o f t e n  a s s o c i a t e d  

-4 
wi th  high SO p res su res  on t h e  o rde r  of 10  3 atm. Therefore,  s t u d i e s  

of Co-Cr and Co-Cr-A1 a l l o y s  a t '  temp a t u r e s  between 700 and 800°C and 

exposed t o  Na SO coa t ings  and gases  con ta in ing  SO and/or  NaCl have 
2 4 3 

been undertaken. 



TableITIpresents the 48 hour weight changes of.selected cobalt-base 

alloys exposed at 750°C in O2 and in two different SO pressures 
3 

- 4 ('so3 = 6 x 10 atm and 6 x atm). Simple oxidation tests without 

Na SO were also done for comparison. Co-27Cr and Co-18Cr-6Al-1Hf were 2 4 

most extensively studied as representative of Cr203-forming and A1 0 2 3- 

forming alloys. 

The Co-27Cr alloy was not corroded in O2 + 1000 ppm (SO2 + SO3) 

"so3 = 6 x atm). However, at higher SO pressures, pitting type 3 

attack was observed. Figure 67 shows a SEM micrograph of Co-27Cr exposed 

-3 in O2 + 1X(S02 + SO3) (p = 6 x 10 atm) with 1 mg/cm2 Na2S04 at 
so3 

750°C for 48 hours. The thick external scale was identified by X-ray 

diffraction as Co 0 . C~balt is depleted in the pitted region while 
chromium is enriched within the pit. Sulfur is enriched in the boundary 

layer between the pit and alloy. Beneath the sulfur-rich band, another 

laver of stringers are observed. This tvDe of attack is ~articularlv 

detrimental to coatings. because of its localized nature which can result 

in severe degradation and even penetration of the coating even though 

the total change in weight is small as seen in Table 111. 

The same type of attack i s  even more prevalent in the Co-18Cr-6Al-1Hf 

alloy as seen in Figure 68 where pitting has occurred even at the lower 

-4 
SO3 pressure of 6 x 10 atm. Again the pit is seen to be free of cobalt, 

which forms a scale over the top, and enriched in chromium. Aluminum 

and sulfur are concentrated at the attack front. 

Considerable uncertainty still exists regarding the mechanisms of 

this form of corrosion despite several careful investigations. The cor- 

rosion morphology corresp,onding to low temperature hot corrosion has 

been well characterized on components removed from marine service 
(29,301 



The a t t a c k  i s  p r i m a r i l y  of a  p i t t i n g  type  w i t h  t h e  o x i d e  i n  t h e  p i t s  

enr iched  i n  C r  and A 1  i n  a l t e r n a t i n g  l a y e r s  and dep le t ed  i n  Co. A Co- 

r i c h  oxide  covers  t h e  p i t s .  There i s  l i t t l e  o r  no s u l f i d a t i o n  i n  t h e  

a l l o y  and g e n e r a l l y  no dep le t ion  of B-CoA1 below t h e  oxide  p i t .  Small 

amounts of water  s o l u b l e  Co have a l s o  been observed on corroded coa t ings .  

Barkalow and ~ e t t i t ' ~ ' )  were a b l e  t o  reproduce t h i s  morphology a t  700°C 

by exposing CoCrAlY coa t ings  w i t h  N a  SO d e p o s i t s  t o  oxygen con ta in ing  2 4  
-4 

SO a t  p r e s s u r e s  g r e a t e r  than  10  atm. The r a t e  of degrada t ion  was 3 

found t o  be  p ropor t iona l  t o  t h e  SO p res su re  and n e g l i g i b l e  on t h e  ab- 
3  

.sence of SO These obse rva t ions  have been incorpora ted  i n t o  t h e  f o l -  
3  ' 

lowing mechanism by Giggins and ~ e t t i t ' ~ ) .  The r e a c t i o n  of COO and SO3 

forms CoS04 which forms a  low mel t ing  p o i n t  s o l u t i o n  wi th  Na2S04. The 

l i q u i d  s a l t  then  p e n e t r a t e s  t h e  A 1  0  s c a l e  a t  c racks .  A l t e r n a t i n g  lay-  
2  3  

e r s  of A 1  and C r  a r e  formed by s e l e c t i v e  removal of  A 1  from t h e  a l l o y  

presumably by A l - s u l f i t e  formation a t  t h e  l i q u i d / a l l o y  i n t e r f a c e  where 

t h e  p  is low and then r e p r e c i p i t a t i o n  a s  oxide  where t h e  p  i s  h ighe r .  
.-  3 O 2 O2 

The Al-depleted a l l o y  i s  converted t o  Cr203 t o  form t h e  Cr-r ich r eg ion  . .< 

and Co which d i f f u s e s  t o  t h e  l f q u i d / g a s  i n t e r f a c e  forming Co-oxide o r  . -. 

(.3 s u l f a t e .  It i s  suggested t h a t . t h i s  mode of a t t a c k  is  n o t  o p e r a t i v e  

a t  h igh  tempera tures  because much h ighe r  SO3 p r e s s u r e s  a r e  r equ i r ed  t o  

form s u l f a t e s  and s u l f i t e s .  

~ r n e ~ ~ i l ' ~ ~ ) ,  on t h e  o t h e r  hand,. sugges ts  t h a t  t h e  co r ros ion  morph- 

ology may be  reproduced i n  t h e  absence of SO3 i n  t h e  gas  phase i f  t h e  

coa t ings  a r e  exposed t o  b r i e f  thermal  excurs ions  and t r a n s i e n t  reducing 

cond i t i ons  and proposes t h i s  a s  an  a l t e r n a t e  mechanism. Laboratory ho t  

co r ros ion  experiments i n  which specimens were p e r i o d i c a l l y  cycled t o  

1300°C f o r  30 seconds i n  carbonaceous m a t e r i a l  ~ r o d u c e d  co r ros ion  morph- 

o l o g i e s  s i m i l a r  t o  t hose  observed i n  marine t u r b i n e s  and have produced 



changes in coating microstructure similar to those observed by Smeggil 

in marine turbine components. Smeggil does not offer a mechanism for 

the degradation produced by the high temperature excursions. 

The results of the present study have produced microstructures which 

are qualitatively in agreement with the mechanism proposed by Giggins 

and pettitC3) except that, as seen in Figure 68, the A1 is concentrated 

with the sulfur at the reaction front while the bulk of the pit contains 

only Cr203. This model must he m o d i f i e d  somewhat to explain the cor- 

rosion of the Al-free Co-27Cr alloy. Tn this case it is a Cr 0 2 3 
scale which is penetrated by the molten salt which may explain the higher 

SO pressure which is required to produce pitting in Co-27Cr as compared 
3 

to Co-Cr-AL,. However, once the scale has h e n  penetrated the mechanism 

is the same. Cobalt diffuses outward through the liquid salt to form 

oxide or sulfateat the saltlgas interface while the chromium is oxidized 

.: . in-situ. 
* ,. 

... . Cyclic exposures in which.the specimens are cycled to room tempera- 

, . ture every hour and recoated with Na SO every 12 cycles result in pit- 
2 4 

ring of bbeh alloys at lower SO pressures and, as seen from Figure 69, 3 

result in severe weight losses from the Co-Cr-A1 alloy exposed with 

='so3 = 6 r atm. Cyclic exposure does not result in significant 

weight loss for the Co-27Cr alloy exposed under the same ~nnd~tinns, 

Figure 70. However, cyclic exposure with 10 ppm NaCl in the gas phase 

results in severe spalling from the Co-Cralloy, Figure 7'0, but consid- 

erably less spalling from the Co-Cr-A1 alloy. The presence of NaCl in 

the gas also produces a pitting type of attack in Na2S04- coated 

Co-Cr-A1 which is somewhat similar to that produced by.SO as seen in 3 

Figure 71. However, a major difference is the porous microstructure 

produced below the pit by the formation of volatile chlorides of A1 and 



Cr which are transported outward through the pits and converted to oxide 

in regions of higher p . 
0, 

L 

Another interesting feature of Figures 69 and 70 is that the com- 

bination of SO and NaCl in the gas phase eliminates the severe spalling 3 

of the Co-Cr alloy produced by.NaCl.alone and that for Co-Cr-A1 pro- 

duced by SOg alone. This is believed due to the reaction of NaCl and 

SO to produce Na2S04 and thus reduce the partial pressure of both 3 

species in the gas phase. 

The mechanisms of low temperature hot corrosion is a subject of 

. containing studies which will also consider the effects of various con- 

taminants in Na SO such as K SO Si02, etc., on the kinetics and 2 4 2 4' 
. - morphologies of attack. 

4.6.2 Iron Base Coatings 

Preliminary experiments on.the hot corrosion resistance of Fe-18Cr-'6Al 

alloys and the same alloys modified with Hf and Mo have been sta.rted. 

. . These alloys have very good resistance to Na2S04 at high temperatures 

(900-1000°C)producing smaller wieght changes and a little sulfidation. 

The same alloys are presently being evaluated for their resistance to 

low temperature hot corrosion influenced by SO and NaCl and to cyclic 3 

exposures. 

5.0 SUMMARY 

The results of this, investigation have produced mechanisnsfor the 

hot corrosion of a number of pure metals and alloys in the types of 

atmospheres likely to be obtained in turbines using coal conversion pro- 

ducts as fuel. The results of these mechanistic studies suggest the 

following conclusions regarding application of alloys in these situations. 

1. simple Cr 0 forming alloys of both Co and Ni have good hot corro- 2 3- 

sion resistance to most of the deposits likely to form in turbines 



burning coal conversion products with the exception of deposits 

containing considerable amounts of chlorides. 

2. The presence of carbide phases is detrimental to the hot corrosion 

resistance of both Ni and Co alloys. 

3. The complex alloy compos2tions characteristic of superalloys result 

in susceptibility to serve hot corrosion, the extent of which is 

sensitive to salt composition, particularly for Ni-base alloys. 

4. Concluslon 3 suggests that uncoated alloys will not be able to pro- 

vide the required combination of corrosion resistance and high-' 

temperature strength for any of the components in turbines running . 

on coal gas. 

5. Several alloys including Co-18Cr-6Al-lHf, Co-27Cr, Co-20Ni-27Cr, 

Ni-50Cr, and Fe-18Cr-6Al-Hf have corrosion resistance for use as 

coatings and claddings at high temperatures (900-1000°C). 

6. The problem of low temperature hot corrosion (700-800°C) must 

still be investigated for the types of deposits likely to form in 

coal fired systems before selection of reliable coatings can be 

made. 
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" T a b l a  .I " W e i g h t  C h a n g e s  {mg/cm2) f o r .  ~ i - b a s e  A l l o y s  a f t e r  4 8  h r  
a t  9 7 7 O ~  i n  1 d t m  02 ,  c o a t e d  w i t h  1 m g / c m 2  s a l t t i  

C - 

A l l o y  

N i - 2 0 C r  

Ni -6A1 

Ni-1OCr-  
4A1 

N i - 5 0 C r  

IN-738  

N i  

Na2S04 

9 

K2S04 

- 1 . 0  

+ 1 6 . 0  

+ 2 3 . 9  

- 1 . 0  

+14  

1 

Na2SOq 

+1.E 

+ 1 7 . €  

+ 1 5 . 2  

- 1 . 0  

+ 2 8  

i 

Na2S04 

+ 
C 

- 1 . 3  

+ 1 8 . 1  

+ 4 . 7  

- 2 . 1  

+13  

I I I 

Na2S04 

-+ 
S i 0 2  

- 2 . 1  

+ 2 3 . 4  

+ 8 . 7  

- 4 . 5  

+34  

Na2S04 

+ 
T i 0 2  

- 0 . 1  

a 7 . 4  

+ 3 . 4  

- 0 . 2 5  

+ 6 8  

K2S04 

- 0 . 2 5  

+ 6 . 7  

+ 1 . 5  

- 1 . 0  

+ 1 . 4  

+ 1 9 . 9  

.__I 

CaS04  

CI. 

- 0 . 1  

+ 2 . 7  

+ 0 . 9  

+ 0 . 3  

+ 2 . 3  

+ 4 . 0  



Table I1 "Weight changes (mg/cm2) after 48 hours in O2 
Coated with 1 mg/cm2 S a l t w  

(9OO0c) 
(900OC) ( 9 0 0 ~ ~ )  Na2S04 (9OO0c) (750°c) 

Alloy No Salt Na2S04 (.20% NaC1) NaCl NaCl 

(s) indicates extensive scale spalling. 

.- . . --. 

13.2 . 

2.95 

- 
1.04 (s) 

7.1 

3.9 

0.8 

. .. . . . - 

1.36 
5.24 

4 5  ' 

12 

30 

28 

14.5 

2.5 

11.9 
9.6 

11.7 (s) 

2.8 (s) 

2.6 (s) 

-7.9 (s) 

1.8 ( 6 )  

-0.3 (s) 

-5 (s) 
-0.13 

4.69 

0.42 

1.11 

-0.28 

-0.18 
-0.73 

11.3 

3..22 . 

0.92 

1.93 

1.38 

. 0.30 

0.28 
0.20 

t 

Co-20Cr 

Co- 2.ONi 
-20Cr 

Co-27Cr 

Co-2ONi 
-27Cr 

Co-20Ni 
-20Cr 
-5Ti 

Co-18Cr 
6 A l - i H F  

FSX-419 
FSX-418 



Z Table I11 "Weight changes (mg/cm ) a f t e r  48 h r s .  a t  750°C" 

t 

S :  Scale spa!.led o f f  dur ing  coo l ing  t o  room tempera ture  



E"igure 1 Condensed Phase Stability Diagram for t h e  N a - - S - 0  

System at 1250°K. 



Figure 2 Condensed Phase Stability Diagram for the K-S-0 
System at 1 2 5 0 ~ ~ .  



F i g u r e  3 2 o n d e n s e d  Phase  Stability Diagram f c r  the Mg-S-0 
S y s t e m  at 1250K. 



Figure 4 Condensed Phase Stability Diagram for the Ca-S-0 
System at 1250K. 



Figure 5. (a) Ye-18Cr-6Al oxidized 2 hrs. with Na2S04 coating. 

(b) EDAX analysis of bare oxide. 

(c) EDAX analysis of the salt. 



Figure 6 (a) Co-18Cr-6A1 oxidized 2 hrs, with Na2S04 coating. 

(b) EDAX analysis of bare oxide. 

(c) EDAX analysis of salt. 



Figure 7 (a) Co-18Cr-6A1 preoxidi
zed for 30 min., sprayed with 

Na2S04, and oxidized
 for 30 mln. at 9 0 0 ~ ~  x 200. 

(b) Fe-18Cr-6Al preoxidi
zed for 30 min., sprayed with 

Na2S04, and oxidized
 for 30 mln. at 9 0 0 ~ ~  x 200. 



Figure 8 (a) Pure Fe preoxidized for 30 min.  at 9 0 0 ~ ~  x 1000. 

(b) Preoxidized Fa sprged with Na2S04 and oxidized 
for 30 min. at 900 C x 1000. 



Figure 9 (a) Pure Co preoxidized for 30 min. at 9 0 0 ~ ~  x 2000. 

(b) Preoxidized Co sprayed with Na2S04 and oxidized for 
30 min. at 9 0 0 ~ ~  x 2000. 



Figure 10 (a) Pure N i  preoxidized f o r  30 m i n .  at  900'~ x 2000. 

(b) Preoxidized Niosprayed with Na2S04 and oxidized for 
30 min. at 900 c x 2000. 



Figure 11 (a) Pure Cr oxidized 30 min .  a t  9 0 0 ~ ~  with Na2S04 coating. 

(b) Co-27Cr-2081 oxidized 30 pin. at 9 0 0 ~ ~  with Na2S04 coating. 



Figure 12 (a) Ni-20Cr oxidized for 30 mi*.  at 900'~ with NaZS04 
coating. 

(b) Xi-5OCr oxidized Lor 30 mi* .  at  900'~ with Na2S04 
coatlng . 



. I,. . . 
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8 A N . ,  8 .  - .  . /  8 , .  . : , 4?', 

210 I I 

0 10 1D 3) Oxide, mol.% 

Figure 14 The ef fect  of various additives on the surface tension 
of molten Li2C03 at 7 6 ~ ~ ~ .  (Ref. 12) 



Time hr. Figure 15 Rate of oxidation of Ni at 9 0 0 ~ ~  in oxygen with 1 an/m2 eartinvs o f  n = r + o ~ ~ ~  r-I cc 
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Figure 16 (a) Surf ace of nickel spe~imen~coated with I. mg/cmL 
Wa2W4 and oxidbed at 890 C for 10 sec.  

(b) (c) Details of (a) .  



Fi,glre 17 (a) (b) (c) Surface o f  n i c k e l  specimen coatad w i t h  1 %/ern 2 
Na2S04 and ox id i zed  a t  890'~ for  10 seconds. 

5 7 



Sigure 18 (a) Cb)o(cf (el C r o s  - at J- 

890 C for 10 s e a  -4, I .  



Figure 19 (a) Another area of the s q e  specimen in Figure 18. 

(b) Detail of (a). 



Figure 20 (a) Surface of nickel specimen coated with 1 mglcm 2 
Na2S04 and oxidized at 8 9 0 ' ~  for 30 sec. 

(b) Detail of (a). 

(c) EDAX of the surface. 



Figure 21 (a) (c) Cross sections of the same specimen as in 
Figure 20. 

(b) (d) Detail (a) (c). 



r e -  . 
P 

2 
Figure 22 (a) 01) ( c )  (d) (e)O Nickel coated uith NaZSOl (1 og/cm ) 

oxidized at 900 C for 18CE minutes. 
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'I 

Sulfide 
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c- Salt 

e xi0 

I - - - -- - I. Porous 83.0 

Figure 23 A schematic diagram to illustrate the Na2S04-induced 
hot corrosion of pure nickel in one atm 02. 



Figure 24 Surface of niekgl specimen c o e e d  with Na2B04 + K2104 
oxidizec at €90 C f o r  10 seconds. 



Figure 25 (a) (b) Surpce of nickel specimen coated with Na2S04 + Ti02 
(1 mg/cm ) oxidized at  8 9 0 ~ ~  for 30 sec.  

(c) (d) Surface of nickel specimen coated with Ma2S04 + Ti02 
oxidized a t  900°C for 15 min. 



Figure 26 (a) (b) Cro~s section of nickel coated with Xa2S04 + T i c 2  
(1 mg/cm ) oxidized a t  8 9 0 ~ ~  for 30 sec. 

(c) (d) Cross sectAons of nickel coated with Na2S04+ Ti02 
oxidized at  900 C for 15 min. 



2 
Figure 27 (a) N i  coaied with Na2S04 + Moo3 (1 mg/cm ) oxidized 

a t  900 C for 3 hrs. 

(b) same as (a).  



~ k *  + 0-+ NiO 

Figure 28 A scbautic diagram to  i l lustrate the Moo3-modified Na2S04 induced hot corrosion 
of pare: nickel in one atm 02- 



2 Figure 29 (a) Surface of Ni specimen coated with K2S04 (1 mg/cm ) 
oxidized at 9 0 0 ~ ~  for 40 min. 

(b) detail of (a), 



Figure 30 (a) Cross-section20f nickel specimeg coated with 
K2S04 (l*/cm ) oxidized at  900 C for 40 min. 

(b) detail  of (a). 

(e) EDAX of dark region i n  the scale. 



2 Figure 31 (a) Ni coated with K2S04 (lmglcm ) oxidized a t  9 0 0 ~ ~  for 3 hrs. 

2 (b) Ni coated with K2S04 (lmglcm ) oxidized a t  977'~ f o r  48 h r s .  



Pure ~i 
in At  

=goo OC 

Time hr. 

Figure 32 Weight change vs Time for Pure Nickel coated with 1 mg/cm2 s a l t  - 
reacted in  Ar at  900° C. 



2 Figure 33 (a) Ni coated with Na2S04 (lmglcm ) reacted in Ar at 900'~ for 40 min. 

(b) same as (a). 

(c) Cross-section of the specimen. 

(d) EDAX of outer region in (c) . 



Pigum? 34 (a) (b) ( ~ ) ~ ( d )  The scale of Nickel coated w i t h  Na2S04 + Moo3 
(lmg/cm ) reacted in  Ar at  900'~ for 3 hours. 



Pure N i  
T =  900°C 
1  mg /cm NalSOq 

1 atm 0 2  

0 2 + 2 0 0  ppm SO2 

0 2  + 3 ppm SO2 

0 2 +  2 0  ppm S o 2  

02+1000ppm SO2 

Time ( h r  ) 

Figure 35 The rate of oxidation of Na2S04-coated Ni at 900' C in various atmospheres 





Pure N i  

T =  7 5 0 " ~  

A 0 2 ,  I mg /cm2 Na2S04 

B 02 +*OOO ppm So2 , 1 mg/cm2 Na2SOg 

C 0 2 ,  No Salt 

D 0 2 + 1 0 0 0 p p m S O p ,  NO Sal t  

T ime ( h r )  Figure 37 Fate of oxidation of N i  a t  750'~ as  influenced by Na2S04 deposits and (S02+S03) in the gas phase. 



Figure 38 Oxidation of Ni at 750'~ (a) Scale formed in simple oxidation 
after 48 hrs. (b) Scale formed after oxidation with Na2S04 coating. 
(c) and (d) Salt on surface of specimen after 30 min. in 02. 





2 Figure 40 (a) Cobalt oridd-ezad at 9 0 0 ~ ~  for 3 hrs. (b) Cobalt coated with Na2S0 (lmglcm ) oxidized at 9 0 ~ ' ~  for 
3 hrs. p) Detail of (b)oat the scale/rnetal interface. (d) cobalt coated with Na9S04+K2S04 
(hng/cm ) oxidized at 900 C for 3 hrs. (e) Detail of :d) at the acale/metal inteeface. 



A. 1 atrn 0 2  , No Salt  

B. 02+1000 ppm2 SO2 

No S a l t  

1 I . a * I . e 

1 2 3 4 5 6 7 8 9 10 
T i m e  (hr . )  

Figure 41 Rate of oxidation and hot corrosion of Co at 7 5 0 ~ ~ .  



Figure 42 Scales formed on Co a t  750'~ (2) in  simple 
oxidation, (b) with a Na SC coating in 0 , 

2 4 and (c) with a Na SOi mating in O2 + 1008prm 
(So+SO,), (d j sugfur map of ( e l  . 

Figure 43 Surfaces of Co oxidized at  750'~ (a) in  
in absence and (b) ( c )  (d) in  the presence 
of Na2S04. 



g 
f i r  !' 

2 Figure 44 Na SO4 coatings (lmglcm ) on P t  . (a) as  sprayed, (b) after heating to 750°c, and 
(cf after heating to 9 0 0 ~ ~ .  



2 Figure 45 Be,SD4eoatings (lmg/cm ) in Co (a) as sprayed, (b) after heating to 750°c, and 
:cf after heating ro 900 C (all magn. 400 x). 



Figure 46 Scales formed on pure Co a t  750'~ in O2 + 1000 ppm (SO2 + SO,) in the absence 
of Na2W4 x 800. 



N i - ~ A I  Al loy 
9OO0C 

time ( h r )  
Figure 47 Weight change vs Time for Wi-6 Al alloy oxidized at 9 0 0 ~ ~  in 1 atm 02. 



Ftgure 48 Ni-6A1 )lloy oxidized at 977'~ for 48 hrs. with Na2S04 
(Img/cm ) coating. 
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/ No2S04 + Ti O2 
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Pqf I otm 
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Figure 49 Veighr chanp vs lime for Ni-16 w t X  Cr coated with 1 mg/cm2 s a l t  i n  1 atm 
O2 at 977O~. 



2 3 
TIME ( h r s )  

2 Figure 50 Weight change vs Time for 11-10 Cr-4 Al al loy coated with lmglcm s a l t  i n  
1 atm o2 at  9 0 0 ~ ~ .  



9 5 0 '  
Po2= l a t m  

1 2 3 4 6 7 8 9 

Figure 51  SJeight change vs Time fbr B-1900 oxidized at  950'~ with various sa l t  coatings. 



- Oxide 

2 
Figure 52 (a) (b) The scale of B-1900 coated with Na2S04 (lmglcm ) oxidized at 9 5 0 ~ ~  for 10 hrs. 



2 
Figure 53 Weight~gevsTimefor IN-738coatedwithlmg/cm Na2S04 in1atm02 .  



Bigtare 54 1H-738 oxidized 10 hse. 
Trwsition region. (e) 

at 9 7 f ~  with 1mg/em2 coating of Na2S04. (a) Specimen center. (b) (f) 

Scale near corner. 
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oxide 

carbide 
\Q 

oxide 

Porous Wickel oxide 

0. .  

Figure 55 A schematic diagram representing the hot corrosion attack 
of IN-738-like alloys. 



2 Figure 55 Weight Change vs Time for IN-738 coated with 1  mglcm s a l t  i n  1  at. O2 a t  977'~. 



~ i m e  (hr.1 
Figure 57 The ef fect  of Bi and T i  on the hot corrosion of Co20vtXCr 



Figure 58 Scale formed on Co-20wtXCr coated with 1 mg/cm 
a 

Na SO + K2S04 and oxidized 48 hours i n  atm a t  
90Pc'l 



Figure 59 Effect of N i  on the Spalling of Scales from Co-20Cr. 



T =  90o0c 
Pop= 1 atm 

1 mg /cm2 salt  

Na2S04 

/no sa l t  

/Na2S04 

no salt )  ) b  
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Time ( hr. ) 

Figure 60 Oxidation rates of Co-27wtXCr and Co-27wtXCr-2OwtRli with and without salt coatings at 9 0 0 ~ ~ .  



Co-27Cr 
T=977'C 
Po2 =?  atm 

J Na2SOq + NaCI 
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h 

fl Na2SO4 + c 

Na2SO4+ K2SO4 

JNa2S04 +S i02  

* n o  salt 

1 a I 1 

16 20 
Time (hr.) 

-Figure 61  he effect  of deposit c o m p o s i t i m ~ n  the oxidationrate of Cr-27wtXci: a t  9 7 7 ' ~ .  



FSX-414 
T=  977'C 
Po2 = 1 a t m  

1 mg/cm2 salt 

A Na2S04+NaCI 
B Na2S04+Si02 
C no salt  
D Na2SOg + T i 0 2  

E Na2S04 + KpSOq 
F Na2SOg 

t ~ m a  (nr,) 
Figure 62 The effect of deposit composition on the oxidation rate of FSX-414 a t  977'~. 



Figure 63 Internal Oxide and Sulfide Penetration into FSX-414 OxLdized 
at 9 7 7 " ~  wtth a cusli~ig, of Na25Q4 4- 2QX NaC1, 



Figure 64 Oxidation Morphology for FSX-414 Reacted at 977'~ in 1 a m  O2 
with Coatings of Na2S04 (a) and Na2S04 + 20% NaCl (b). 



FSX-414, 900°C, 48 0 2  
(a) no salt (b) Na2S04 (c) Na2SQ+ NaCl 

Figure 65 Effect of Na2S04 and NaCl on  scale s p a l l i n g  from FSX-414. 



Co-18Cr -6AI-1 Hf 

T = 900°C 
Po2= 1 a t m  

1 mg/cm2 salt  

- - 

~ i m e (  hr,) 
Figure 66 Sffect of Na2SOq and NaCl en the Oxidation Rate of Co-18wtXCr-6wtLU-lwtXBf. 



a. 800 x b. Cobalt 

Figure 67 SEM photomicrograph and x-ray maps showing distributim of e1err.er.t~ after 
corrosion of Co-27Cr for 48 haurs at P = 5.8 x 10'~ atm. 

S03 

750'~ hst 



c. Chromium d ,  Sulfur 

Figure 67 continued 



Figure 68 SEM p?mtomicropraph. and x-ray maps showing element distribution i n  attack front 
a f ter  750'~ hot corrosion of CO-l8Cr-6Al-1Hf for 48 hrs. a t  P - 6 x 1d4atm. 

S03 



Cobalt d .  Chromium 

a 
e. Aluminum r'. Sulfur 
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69 Weight changes vs Time for Co-lBCr;6Al-lHf exposed to cyclic 

oxidation and hot corrosion at 700 C. 
110 



Co- 27Cr 

T =  7 0 0 ° C  

1 a tm 0 2  

x 02+S03 
pso3= 6 x 10-4 atm 

Time (hr) 

0 - 
A O2 + 10 ppm NaCI vapor 
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- 

Figure 70 Weight change vsotime for Co-27Cr exposed to cyclic oxidation and Lot 
corrosion at 700 C. 111 



b 
a. 16001;-~x' ; . b. 40a79 x 

Figure 71 SEM photaicrograph and x-ray mapa showing element diszriburian in attack 
front after 96 hss. of cyclic hot corrosion testing at 700~Zin %+lo ppm 

(v) 1 mg/a Na2SO4 was appl ied after =very 12 hours. 



Figure 71 
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