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The application of materials under various ertvironmental conditions strongly depends on the corrosion properties of those 
materials. This is in particularly true for high temperature materials to be used in povver plants, petrochemical, chemical and 
automobil industry, where during application high temperatures and aggressive environments may cause great problems. At lovv 
temperatures the corrosion of metals is often inhibited by a passive layer on the metal surface. To understand the phenomenon of 
passivity the formation and nature of this surface film, quite often only a few nm's thick, has to be characterized. Corrosion 
protecting layers on high temperature materials, either grown during application or precovered before application, have a much 
larger thickness. In order to study the growth mechanisms, nature and properties of corrosion protecting layers thin films have to 
be characerized spreading over a quite large range of thicknesses, from a few nm's for the passive layers up to several nm's for 
the protecting layers on high temperature materials. Different methods for thin film analysis using surface analytical methods will be 
presented and illustrated by examples from different areas of corrosion research. 

Key vvords: corrosion, high temperature corrosion, surface analytical techniques 

Uporaba materialov v različnih okoljih zavisi od njihovih korozijskih lastnosti. To je posebno pomembno pri uporabi materialov pri 
visokih temperaturah in agresivnih medijih npr. v elektrarnah, petrokemijski, kemijski in avtomobilski industriji, kjer lahko pride do 
hudih industrijskih havarij. Pri nizkih temperaturah se na površini kovin tvori tanka pasivna plast, ki zavira korozijo. Razumevanje 
pojava nastanka in narave tanke pasivne plasti, ponavadi debele le nekaj nanometrov je mogoče samo s karakterizacijo teh plasti. 
Protikorozijske zaščitne plasti materialov, ki se uporabljajo pri visokih temperaturah in nastajajo med samo uporabo ali pa so bile 
predhodno nanesene, so debelejše. Študij mehanizma rasti, narave in lastnosti protikorozijskih prevlek je mogoč z raziskavami 
protikorozijskih prevlek. Te so različnih debelin, od nekaj nanometrov debelih pasivnih tankih plasti do nekaj mikronov debelih 
prevlek za zaščito na visokih temperaturah. Za analizo protikorozijskih plasti se uporabljajo različne metode površinske analize, ki 
so prikazane v članku, kakor tudi primeri z različnih področij korozije. 

Ključne besede: korozija, visokotemperaturna korozija, metode površinske analitike 

1 Introduction 

A m e t a l is n o r m a l l y d e s c r i b e d as b e e i n g p a s s i v e , if 
f o r t he e x i s t i n g s u r r o u n d i n g a t m o s p h e r e a h i g h c o r r o s i o n 
r a t e w o u l d b e e x p e c t e d , i n s t e a d of t h e v e r y lovv c o r r o s i o n 
r a t e to b e o b s e r v e d . T h i s p a s s i v i t y is c a u s e d b y v e r y th in 
d e n s e o x i d e ( a n d / o r h y d r o x i d e ) l a y e r s vvhich a re f o r m e d 
on t he m e t a l b y t h e c o r r o s i o n p r o c e s s . In o r d e r to g e t a 
b e t t e r u n d e r s t a n d i n g o n t he e f f e c t o f t h o s e p a s s i v e l a y e r s 
t h e y h a v e t o b e a n a l y s e d vvith r e s p e c t t o c o m p o s i t i o n a n d 
t h i c k n e s s b y v e r y s u r f a c e s e n s i t i v e m e t h o d s . H i g h t e m -
p e r a t u r e o x i d a t i o n a n d c o r r o s i o n c a n c a u s e g r e a t p r o b -
l e m s in povver p l a n t s , p e t r o c h e m i c a l a n d c h e m i c a l i n d u s -
t ry . A v e r y i m p o r t a n t p r e c o n d i t i o n f o r t h e p r a c t i c a l 
a p p l i c a t i o n o f a m e t a l i c m a t e r i a l at h i g h t e m p e r a t u r e is 
i ts o x i d a t i o n o r h i g h t e m p e r a t u r e c o r r o s i o n r e s i s t a n c e . 
T h i s p r e c o n d i t i o n m a y b e f u l f i l l e d if on t h e s u r f a c e of 
t h e m a t e r i a l p r o t e c t i n g o x i d e l a y e r s a r e f o r m e d . T h e s e 
o x i d e l a y e r s c a n grovv u n d e r u s e o f t h e m a t e r i a l by r e a c -
t i o n of t h e m a t e r i a l e l e m e n t s vvith t h e s u r r o u n d i n g o x y -
g e n a t m o s p h e r e o r by a s p e c i f i c p r e o x i d a t i o n at s u i t a b l e 
t e m p e r a t u r e s i n o x y g e n c o n t a i n i n g a t m o s p h e r e s . T h e 
p r o t e c t i n g e f f e c t o f t h o s e o x i d e l a y e r s r e l y s o n t h e i r 
p r o p e r t y t o ac t as a d i f f u s i o n b a r r i e r be tvveen t he m e t a l l i c 

' Dr. Sc. H. V I E F H A U S 
Max-Planck-Inslilul fiir Eisenforschung GmbH 
40074 Dusseldorf . Postfach 140 444 Germany 

a n d t h e c o r r o s i v e a t m o s p h e r e s u r r o u n d i n g it. O x y d e l a y -
e r s t h e r e f o r e h a v e a k e y f u n c t i o n f o r t h e a p p l i c a t i o n o f 
m a t e r i a l s in h i g h t e m p e r a t u r e t e c h n o l o g y a n d t h e r e is a 
g r e a t n e e d f o r d o i n g r e s e a r c h a n d t e s t i n g t h e m a t e r i a l s 
f o r s u c h a p p l i c a t i o n s . 

2 Methods 

In o r d e r to s t u d v t he grovvth m e c h a n i s m s , n a t u r e a n d 
p r o p e r t i e s o f c o r r o s i o n p r o t e c t i n g l a y e r s t h in films h a v e 
t o b e a n a l y s e d s p r e a d i n g o v e r a l a r g e r a n g e o f t h i c k -
n e s s e s , f r o m a fevv n m ' s f o r t h e p a s s i v e l a y e r s u p t o s e v -
e ra l t e n t h o f m ( i ' s f o r t h e p r o t e c t i n g I a y e r s o n h i g h t e m -
p e r a t u r e m a t e r i a l s . 

T o a n a l y s e t h i n films vvith r e s p e c t t o l a y e r c o m p o s i -
t i on a n d t h i c k n e s s d i f f e r e n t d e p t h p r o f i l i n g m e t h o d s c a n 
b e a p p l i e d d e p e n d i n g o n t h e t h i c k n e s s o f t h e l a y e r u n d e r 
s t u d y a n d on v a r i o u s s a m p l e p r e p a r a t i o n m e t h o d s . F o l -
lovving t h e m a i n l y a p p l i e d s u r f a c e a n a l y t i c a l m e t h o d s to 
b e u s e d f o r d e p t h p r o f i l i n g o f h o m o g e n e o u s a n d i n h o m o -
g e n e o u s s u r f a c e l a y e r s a r e l i s t ed . 

Depthprofiling 

homogeneous layers inhomogeneous layers 
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A E S is A u g e r e l e c t r o n s p e c t r o s c o p y , X P S is X - r a y 

e x c i t e d p h o t o e l e c t r o n s p e c t r o s c o p y , S I M S is s e c o n d a r y 

i o n m a s s s p e c t r o s c o p y , S N M S is s e c o n d a r y n e u t r a l s 

m a s s s p e c t r o s c o p y a n d G D O E S is g l o w d i s c h a r g e o p t i c a l 

e m i s s i o n s p e c t r o s c o p y . 

T o a n a l y s e i n h o m o g e n e o u s s u r f a c e l a y e r s l a t e r a l l y r e -

s o l v i n g m e t h o d s l i k e A E S a n d S I M S h a v e t o b e a p p l i e d . 

F o r t h i s p a p e r a r e s t r i c t i o n t o t h e e l e c t r o n s p e c t r o s c o p i c 

m e t h o d s w i l l b e c a r r i e d o u t . M o r e d e t a i l e d i n f o r m a t i o n 

o n t h e a p p l i c a t i o n o f t h e r e m a i n i n g m e t h o d s m a y b e 

f o u n d e l s e v v h e r e 1 . 

T o g e t a d e p t h p r o f i l e in m o s t c a s e s d e s t r u c t i o n o f t h e 

l a y e r t o b e a n a l y s e d h a s t o b e p e r f o r m e d b y o n e o f t h e 

f o l l o v v i n g m e t h o d s : 

a ) S p u t t e r d e p t h p r o f i l i n g 

b ) A n g l e l a p p i n g 

c ) C r a t e r e d g e p r o f i l i n g 

d ) b a l i c r a t e r i n g 

F o r s p u t t e r d e p t h p r o f i l l i n g t h e l a y e r is d e c o m p o s e d 

b y b o m b a r d e m e n t w i t h n o b l e g a s i o n s a n d p a r a l l e l o r 

s u c c e s s i v e a n a l y s i s o f t h e m o m e n t a r y i n t e r f a c e b y a s u r -

f a c e a n a l y t i c a l m e t h o d is c a r r i e d o u t . 

A n g l e l a p p i n g m e a n s t h a t b y u s i n g n o r m a l m e t a l p o l -

i s h i n g e q u i p m e n t a l a y e r c o v e r e d s a m p l e is p o l i s h e d u n -

d e r a v e r y f l a t a n g l e . U s i n g p o l i s h i n g a n g l e s d o w n to 

a b o u t 1 0 a s p r e a d i n g o f t h e s u r f a c e l a y e r u p t o a f a c t o r o f 

a b o u t 1 0 0 is p o s s i b l e a n d t h i s s p r e a d e d p a r t o f t h e l a y e r 

m a y b e a n a l y s e d a f t e r t r a n s f e r i n t o a s u r f a c e a n a l y t i c a l 

s y s t e m b y A E S p o i n t o r l i n e a n a l y s i s f o r e x a m p l e . 

F o r c r a t e r e d g e p r o f i l i n g t h e c r a t e r e d g e r e s u l t i n g 

f r o m i o n b e a m e t c h i n g a c c o m p a n y i n g a s i n g l e s p u t t e r 

d e p t h p r o f i l e is e x p l o i t e d . T h e c r a t e r e d g e o f s u c h a p r o -

f i l e e x p o s e s t h e s t r a t a o f t h e i n t e r f a c e in a m a n n e r r e l a t e d 

t o t h a t p r o d u c e d b y a n g l e l a p p i n g , b u t t h e s t r i k i n g d i f f e r -

e n c e is t h a t f o r c r a t e r e d g e p r o f i l i n g t h e r e s u l t i n g a n g l e s 

b e t w e e n s u r f a c e a n d i n t e r f a c e a r e 3 o r d e r s o f m a g n i t u d e 

l e s s . 

In t h e č a s e o f b a l i c r a t e r i n g a r o t a t i n g , s p h e r i c a l , s t e e l 

b a l i c o a t e d vvith f i n e d i a m o n d p a s t e , i s u s e d t o g r i n d a 

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

s a m p l e i s t r a n s f e r r e d i n t o t h e s u r f a c e a n a l y t i c a l s y s t e m t o 

a n a l y s e t h e s p u t t e r c l e a n e d c r a t e r vvalls. 

A d v a n t a g e s a n d d i s a d v a n t a g e s o f t h e d i f f e r e n t m e t h -

o d s a r e d i s c u s s e d in s o m e d e t a i l i n 2 . 

3 Resul ts 

a) Very thin surface layers (passive layers) 

T h e o n l y n o n d e s t r u c t i v e m e t h o d t o d e p t h p r o f i l e v e r y 

t h i n s u r f a c e f i l m s is b y a n g l e d e p e n d e n t X P S - o r A E S -

m e a s u r e m e n t s . T h e f i r s t e x a m p l e t o b e p r e s e n t e d c o n -

c e r n s a n o x i d e l a y e r vvhich vvas f o r m e d a t r o o m t e m p e r a -

t u r e in a i r o n a p u r e z i n e s a m p l e . T h e t h i c k n e s s o f t h i s 

l a y e r vvas a s s u m e d t o b e o n l y a fevv n m ' s a n d it s h o u l d 

b e l e s s t h a n t h e i n f o r m a t i o n d e p t h o f t h e a p p l i e d e l e c t r o n 

s p e c t r o s c o p i c m e t h o d s A E S o r X P S . 

T h e n e x t f i g u r e 1 c o m p a r e s t h e Z n - L M M A u g e r 

s p e c t r u m o f a c l e a n z i n e s a m p l e ( s p u t t e r c l e a n e d b y A r + 

i o n b o m b a r d m e n t ) vvith t h e s a m e s a m p l e a f t e r o x i d a t i o n 

at r o o m t e m p e r a t u r e in air . T h e c o m p a r i s o n m a k e s c l e a r 

t h a t f o r t h e o x i d i z e d s a m p l e a d d i t i o n a l f e a t u r e s c a n b e 

r e c o g n i z e d if t h e a n a l y s e r e n e r g y r e s o l u t i o n is a d e q u a t e 

( 0 . 0 5 % ) . 

X P S s t u d i e s o n t h e s a m e s a m p l e l e a d t o t h e r e s u l t s 

t h a t a l s o f o r t h e Z n 3 d - a n d Z n 2 p - p h o t o e l e c t r o n s i g n a l s 

a d i s t i n e t i o n be tvveen m e t a l a n d o x i d e is p o s s i b l e , b u t t h e 

d i f f e r e n c e i s m o s t p r o n o u n c e d f o r t h e Z n - L M M A u g e r 

s i g n a l ( in t h i s č a s e X - r a y e x c i t e d ) , figure 2 . 

I f t h e i n f o r m a t i o n d e p t h f o r t h e Z n - L M M A u g e r s i g -

na l c o r r e s p o n d i n g t o t h e o x i d i z e d s t a t e o f Z n is l e s s t h a n 

t h e t h i c k n e s s o f t h e o x i d e l a y e r , a n g l e d e p e n d e n t m e a s -

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

a t lovver a n g l e s o f a n a l y s i s . T h i s is i l l u s t r a t e d b y figure 3 . 
T h e r e s u l t s o f a n a n g l e d e p e n d e n t m e a s u r e m e n t o n t h e 

X - r a y e x c i t e d Z n - L M M A u g e r s i g n a l a r e d e p i e t e d in 

figure 4 a n d c l e a r l y d e m o n s t r a t e , f o r a n g l e s o f a n a l y s i s 

r a n g i n g f r o m 2 5 ° t o 9 0 ° , t h a t t h e i n f o r m a t i o n d e e p t h is 

l e s s t h a n t h e t h i c k n e s s o f t h e o x i d e l a y e r . 

F o r a s m o o t h , h o m o g e n e o u s , c o n t a m i n a t i o n f r e e t h i n 

o x i d e l a y e r t h e m e a s u r e d s i g n a l s o f t h e m e t a l l i c a n d o x -

i d e c o m p o n e n t s m a y b e u s e d t o d e t e r m i n e t h e o x i d e 

t h i c k n e s s a c c o r d i n g t o e q u a t i o n ( 1 ) : 

L = N n i \ m e x p [ - d / \ m s i n f t ] 

1„* N o * 1 — e x p [ - d / s i n p ] 
(D 

vvhere l m , l o x a r e t h e i n t e n s i t i e s o f t h e m e t a l a n d o x i d e 

s i g n a l s , N m , N o x a r e t h e d e n s i t i e s o f t h e m e t a l a n d t h e 

o x i d e , X m , \ o x a r e t h e i n e l a s t i c m e a n f r e e p a t h e s o f t h e 

A u g e r e l e c t r o n s in t h e m e t a l a n d in t h e o x i d e , (3 is t h e 

a n g l e o f a n a l y s i s in r e l a t i o n t o t h e s a m p l e s u r f a c e , s e e 

figure 3. 

9B0 9 9 0 1000 
K i n e t i c E n e r g y / eV 

1010 1020 

Figure I: Comparison of the Zn - LMM - Auger spectrum for a clean 
zine sample and after oxidation at room temperature in air for 2 vveeks 
Slika 1: Primerjava AES spektrov čistega Zn - LMM pred in po 
oksidaciji dva tedna na zraku pri sobni temperaturi 



T h e 

(2): 

a b o v e e q u a t i o n (1 ) m a y b e c h a n g e d to e q u a t i o n 

sin(3 

N , 
N,„ k , 

• X ? (2) 

zine zine oxide zine hydroxide 
^LMM 17.7 20 21 

6.7 8 7 

A c c o r d i n g to e q u a t i o n (2 ) a p l o t o f 1 /sin(3 a g a i n s t t h e 
t e r m on t h e r i g h t h a n d s i d e o f e q u a t i o n (2 ) s h o u l d g i v e a 
s t r a i g h t l i ne a n d f r o m t h e s l o p e o f th i s s t r a i g h t l ine t h e 
t h i c k n e s s m a y b e d e r i v e d . 

angle of analysis 

/ \ 

surface layer 

bulk 

information depth 

I 

1018 1019 1020 1021 1022 1023 1024 1025 1026 1027 10J 

b ind ing ene rgy 

Figure 2: Zn - 3d-. Zn - 2p - photoelectron and Zn - LMM - Auger -
signal for clean and oxidized zine sample (see figure 1) 
Slika 2: Zn - 3d, Zn - 2p XPS signal in Zn - LMM AES signal za čisti 
in oksidirani cink (glej sliko 1) 

F o r a d e t e r m i n a t i o n o f t he l a y e r t h i c k n e s s v a l u e s f o r 

t he A,'s a r e n e c e s s a r y . T h e r e a r e n o e x p e r i m e n t a l d a t a f o r 

t he X - v a l u e s o f z i n e , t h e r e f o r e t h e c o r r e s p o n d i n g X ' s of 

z i n e a n d z i n e o x i d e (of z i n e h y d r o x i d e a s w e l l , w h i c h 

w i l l b e n e e d e d l a t e r o n ) w e r e c a l c u l a t e d a c c o r d i n g t o a 

r e l a t i o n d e r i v e d b y T a n u m a e t a l . 3 . T h e c a l c u l a t e d v a l u e s 

a r e (in A ) : 

Table 1: The calculated X values (in A) 

Figure 3: Shematic illustration of the higher surface sensitivity at 
lower angles of analysis 
Slika 3: Shematični prikaz višje površinske analizne občutljivosti pri 
nizkih kotih 

T h e a n g l e d e p e n d e n c e o f t h e p e a k a r e a s o f t h e Z n -

L M M A u g e r s i g n a l a n d t h e Z n - 2 p p h o t o e l e c t r o n s i g n a l 

a r e p l o t t e d in figure 5 f o r t h e m e t a l l i c a n d t h e o x i d e c o n -

t r i b u t i o n s . F r o m th i s p l o t a n d b y u s i n g a d d i t i o n a l l y t h e 

k n o w n values fo r N m , N o x and X 0 * figure 6 c an be 
d e r i v e d . T h e o b s e r v e d s t r a i g h t l i n e f o r t h e d e p e n d e n c e o f 

t h e Z n - L M M A u g e r s i g n a l l e a d s to a t h i c k n e s s o f 1 5 A 

f o r t h e o x i d e . 

If w e h a v e a c l o s e r l o o k t o t h e w e l l r e s o l v e d o x y g e n 

O - l s p h o t o e l e c t r o n s i g n a l c o r r e s p o n d i n g t o t h e o x i d e 

l aye r , figure 7 , w e c a n d e t e c t t ha t t h e a s s u m p t i o n o f a 

p u r e o x i d e l a y e r w a s n o t c o r r e c t , a d d i t i o n a l l y t o t h e o x -

ide s i g n a l c e n t e r e d at a b o u t 5 3 0 e V p e a k e n e r g y a s e c o n d 

s i g n a l c a u s e d b y s o m e h y d r o x i d e c o n t r i b u t i o n is o b -

s e r v e d a r o u n d 5 3 2 e V p e a k e n e r g y . R e s u l t s o f a n g l e d e -

p e n d e n t m e a s u r e m e n t s o n t h e o x y g e n O - l s s i g n a l in 

figure 8 i n d i c a t e t ha t w e h a v e a n i n n e r o x i d e l a y e r a n d 

an o u t e r h y d r o x i d e l aye r . 
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Figure 4: Angle dependence of the Zn - LMM Auger signal for an 
oxidized zine sample (as for figure 1) 
Slika 4: Kotna odvisnost Zn - LMM AES signala za oksidiran cink 
(kot na sliki 1) 

m e t a l 



contribution in% 

100 

60 

40 

20 

o o ° o 
Zn - 2Po, ,oo 

O O 

o 
o 

o 
o 

o 

o 

o O 

Zn - 2pm„, o 

Zn - Auger O* 

Zn - Auger mat 

° o o 

o 

o O O o 

+ + 
70 50 30 

angle of analysis 

10 

L 

L 
'-ZnOH [ l - e x p ( d Z n 0 H / X Z n 0 H c o s © ) ] / 

/ X Z n c Z n e x p ( -
A,Zn0 c o s © 

) e x p ( -
I c o s © 

(3) 

+ 

o 

O 

CvJ 
t— 
_ c 
CD 
CO 

22 

2 0 

1 8 -

1 6 -

1 4 -

12 

10 

- d„ 15A 

Zn - LMM 

1,0 1 , 2 
—I ' 1— 

1,4 1 ,6 

1 / sirili 

2,0 

Figure 5: Angle dependence of the Zn - LMM Auger signal and Zn -
2p photoelectron signal for an oxidized zine sample (as for figure 1), 
metal and oxide contributions are plotted 
Slika 5: Kotna odvisnost Zn - LMM AES signala in Zn - 2p XPS 
signal za oksidiran cink (kot na sliki 1), prikazana sta deleža kovine in 
oksida 
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Figure 6: Determination of the oxide thickness according to equation 
(2), see text 
Slika 6: Določitev debeline oksidne plasti po enačbi (2), glej tekst 
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Figure 7 : XPS - O - ls signal for an oxidized zine sample (as for 
figure 1) 
Slika 7: XPS - O - l s signal za oksidiran vzorec cinka (kot na sliki 1) 
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Figure 9: Zn - L M M Auger signal for an oxidized zine sample (as for 
f igure 1) recorded at 20° and 75° angle of analysis 
Sl ika 9: Zn - L M M AES signal oksidiranega cinka (kot na sliki 1) 
posnet pri kotih analize 20° in 75° 
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Figure 8: Angle dependent measurements for the XPS - O - ls signal 
of an oxidized zine sample (as for figure 1) 
Slika 8: Meritve XPS - O - ls signala za oksidiran vzorec cinka (kot 
na sliki 1) v odvisnosti od kota 
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Figure 10: a) Zn - LMM Auger signal for a clean zine sample, metal 
signal fitted; b) Zn - LMM Auger signal for an oxidized zine sample 
(as for figure 1), metal part fitted; c) Zn - LMM Auger signal for an 
oxidized zine sample (as for figure 1), metal oxide and hydroxide parts 
fitted 

Slika 10: a) Zn - L M M AES signal za čisti cink; b) Zn - LMM AES 
signal za oksidiran cink (kot na sliki 1) kovinski del se prilega; c) Zn -
L M M AES signal za oksidiran cink (kot na sliki 1) kovinski in 
hidroksidni del se prilega krivulji 

Table 2: The angle dependent measurements of the Zn - LMM Auger 
signal for the oxide and hydroxide layer 

© lox/lme lox/lmc l0H/lme l0H/lme 
(exp . ) (ca lc . ) ( e x p . ) ( ca lc . ) 

7 8 . 1 13 14 .7 11.7 10 .5 
7 6 9 9 . 0 5 5 . 8 4 . 1 
7 3 5 .6 5 . 4 4 2 . 8 2 . 2 

7 0 . 5 3 .5 3 .9 1.8 1 .65 
6 8 3 . 1 5 3 .1 1 .25 1 .05 
6 4 2 .3 2 . 2 5 0 . 8 0 . 7 

6 0 . 5 1.9 1.8 0 . 6 0 . 5 4 

5 8 1.5 1.6 0 . 5 0 . 4 2 
4 5 . 4 1 1 0 . 2 5 0 . 2 8 
3 2 . 9 0 . 7 9 0 . 7 7 0 . 1 8 0 . 1 8 
2 1 . 4 0 . 6 5 0 . 6 7 0 . 1 5 0 . 1 7 

13 0 . 6 6 0 . 6 3 0 . 1 4 0 . 1 4 
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Figure 11: Schematics of the variation vvith alloy chromium content of 
the oxidation rate and oxide scale structure (based on isothermal 
studies at 1000°C in 0.13 atm oxygen) 
Slika 11: Shematičen prikaz vpliva različnih vsebnosti kroma na 
stopnjo oksidacije in struktura oksida (izotermna oksidacija pri 1000°C 
in 0.13 atm kisika) 
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Figure 12: Scheinatic illustration of the crater bali etching process 
Slika 12: Shematski prikaz kraterja dobljenega s procesom jedkanja s 
kroglico 
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Figure 13: SEM of a part of the crater etched area of the Fe 9% Cr 
sample oxidized for 3 h (see text) and characteristic Auger point 
spectra for the different areas 
Slika 13: SEM posnetek dela jedkalnega kraterja vzorca zlitine Fe 9% 
Cr, po 3 urah oksidacije (glej tekst) in karakteristični AES spektri, 
posneti na označenih mestih 
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Figure 14: a) oxygen; b) chromium; c) and iron - images of the same 
surface area as shovvn in the SEM image in figure 13 
Slika 14: a) kisik; b) krom; c) in železo - slike delov površin 
prikazanih na SEM posnetku slike 13 
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Figure 15: SEM of a part of the crater etched area of the Fe 9% Cr 
sample oxidized for 10 h (see text) and characteristic Auger point 
spectra for the different areas 
Slika 15: SEM posnetek dela jedkalnega kraterja zlitine Fe 9% Cr, po 
10 urah oksidacije (glej tekst) in karakteristični AES spektri, posneti na 
označenih mestih 

Figure 16: a) oxygen; b) chromium; c) and iron - images of the same 
surface area as shown in the SEM image in figure 15 
Slika 16: a) kisik; b) krom; c) in železo - slike istih delov površin 
prikazanih na SEM posnetku slike 15 

T h e s u m u p t h e r e s u l t s f r o m d i f f e r e n t k i n d s o f i n v e s -
t i g a t i o n s t h e f o l l o w i n g d e v e l o p m e n t o f s u r f a c e l a y e r s 
d u r i n g t h e m e t a l d u s t i n g p r o c e s s c a n b e d e r i v e d ( s c h e -
m a t i c a l l y ) : 

surface surface surface surface 
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W e l l a d h e r e n t a n d c o r r o s i o n p r o t e c t i n g o x i d e l a y e r s 
a r e o f g r e a t i m p o r t a n c e f o r h i g h t e m p e r a t u r e a l l o y s . T h e 
a d h e r e n c e o f t h e o x i d e l a y e r s is a f f e c t e d b y t h e m o r p h o l -
o g y a n d t h e c h e m i c a l c o m p o s i t i o n o f t h e o x i d e / m e t a l in -
t e r f a c e . In t h i s s t u d y s c a n n i n g A u g e r m i c r o s c o p y ( S A M ) 
is u s e d t o i n v e s t i g a t e t h e o x i d e / a l l o y i n t e r f a c e of o x i -
d i z e d F e - C r - A l a l l o y s ( u n d o p e d or d o p e d w i t h Ti , C e a n d 
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Figure 17: AES depth profile of a polycrystalline Fe-6Al-0,5Ti-0,01C 
sample oxidized for h at 1000°C and 10"19 bar oxygen partial pressure 
Slika 17: AES profilni diagram polikristalne zlitine Fe-6Al-0,5Ti-0,01 
C po 1/2 urni oksidaciji na temperaturi 1000°C in parcialnemu tlaku 
kisika 10'19 bar 
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Figure 18: 'graphitie' (upper spectrum) and 'carbidic' carbon - KVV Auger signal of a crater bali etched Fe metal dusting sample indicating the 
different peak shapes and illustrating the peak (P,) and background (Bi) energy positions for recording the Auger images 
Slika 18: 'grafitni' (zgornji spekter) in 'karbidni ogljik' - KVV Augerjev signal s kroglico jedkanega Fe prašnatega vzorca z različnimi oblikami 
vrhov prikazuje vrh (Pj) in ozadje (Bi) in energijske pozicije za posnete AES spektre 

Figure 19: a) to d) SEM and SAM images of a crater bali etched and sputter cleaned Fe metal dusting sample 
Slika 19: a) do d) SEM in SAM posnetki s kroglico jedkanega Fe prašnatega vzorca in z Ar+ ioni jedkan Fe prašnat vzorec 



Figure 20: a) to c) SEM images of surface areas where the oxide layer 
is partly (or completely) removed 
Slika 20: a) do c) SEM posnetki površine, kjer je bila oksidna plast 
delno (ali popolnoma) odstranjena 

Figure 21: Sulfur image of the same surface area as shown in the SEM 
image of figure 20 c) 
Slika 21: Posnetek žvepla na površini, prikazani na sliki 20 c) 
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Figure 22: Auger point spectra of a) a void area; b) a rugged surface 
area 
Slika 22: AES spekter posnet a) v vrzeli; b) na hrapavi površini 

Y ) a f t e r p a r t l y r e m o v i n g t h e o x i d e l a y e r b y in s i tu b e n d -

ing . 

T h i n F e - C r - A l r i b b o n s , d o p e d a n d u n d o p e d , w e r e 

p r o d u c e d by m e l t s p i n n i n g . R e c t a n g u l a r s p e c i m e n s w e r e 

c u t f r o m t h e r i b b o n s a n d u l t r a s o n i c a l l y c l e a n e d in a c e -

t o n e . T h e s a m p l e s w e r e o x i d i z e d at 1 2 7 3 K in a c o n t r o l -
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l e d H e - O 2 g a s m i x t u r e a t a n o x y g e n p a r t i a l p r e s s u r e o f 

1 3 3 m b a r . 

B e n d i n g o f t h e s p e c i m e n s w a s p e r f o r m e d in U H V at 

a r e s i d u a l p r e s s u r e o f 5 x 10~9 P a t o s p a l i o f f p a r t s o f t h e 

o x i d e l a y e r . T h e s t r i p p e d o x i d e / m e t a l i n t e r f a c e w a s in -

v e s t i g a t e d b y in s i t u S E M a n d S A M . 

T h e m e t a l s u r f a c e s h o w s i n d i v i d u a l v o i d s a n d r u g g e d 

p a r t s , i n d i c a t i n g i m p r i n t s o f t h e r e m o v e d o x i d e , s e e S E M 

figures 2 0 a to 2 0 c . F o r t h e u n d o p e d a l l o y p o o r a d h e r -

e n c e o f t h e o x i d e l a y e r is o b s e r v e d . S u l p h u r is s t r o n g l y 

e n r i c h e d at t h e s u r f a c e o f t h e v o i d s , figure 2 1 s h o w s a 

s u l p h u r i m a g e o f t h e s a m p l e a r e a a s f o r t h e S E M i m a g e 

in figure 2 0 c a n d 2 2 a a n d 2 2 b A u g e r p o i n t s p e c t r a o f a 

v o i d s u r f a c e a n d a r u g g e d p a r t o f t h e i n t e r f a c e . 

O n t h e T i c o n t a i n i n g a l l o y s t h e o x i d e l a y e r is a g a i n 

p o o r l y a d h e r e n t . S u l p h u r is a l s o s t r o n g l y e n r i c h e d a t t h e 

s u r f a c e o f v o i d s . O n t h e Y- a n d C e - c o n t a i n i n g a l l o y s t h e 

o x i d e l a y e r is vvell a d h e r e n t a n d t h e s u l p h u r c o n c e n t r a -

t i o n is be lovv t h e d e t e c t i o n l i m i t . 

T h e p o o r a d h e r e n c e o f t h e o x i d e l a y e r s o n u n d o p e d 

a n d Ti d o p e d F e - C r - A l a l l o y s is c o r r e l a t e d t o t h e p r e s -

e n c e o f s u l p h u r a t t h e a l l o y s u r f a c e . S u l p h u r e n r i c h m e n t 

is e x p l a i n e d b y s u l p h u r s e g r e g a t i o n t o t h e f r e e a l l o y s u r -

f a c e a n d b y a d d i t i o n a l s u l p h i d e f o r m a t i o n f o r t h e T i c o n -

t a i n i n g a l l o y s . T h e p o s i t i v e e f f e c t o f Y a n d C e o n t h e a d -

h e r e n c e o f t h e o x i d e l a y e r s is e x p l a i n e d b y s u l p h i d e p r e -
c i p i t a t i o n in t h e b u l k a n d t h u s p r e v e n t i n g s u l p h u r s e g r e -
g a t i o n t o t h e f r e e s u r f a c e o f t h e a l l oy . 

4 Summary 

D e p e n d i n g o n t h e t h i c k n e s s o f t h e s u r f a c e l a y e r s t o 

b e a n a l y s e d b y s u r f a c e a n a l y t i c a l m e t h o d s vvith r e s p e c t 

to c o m p o s i t i o n a n d t h i c k n e s s , d i f f e r e n t m e t h o d s o f d e p t h 

p r o f i l i n g h a v e t o b e a p p l i e d . V a l u a b l e i n f o r m a t i o n m a y 

b e d e r i v e d f r o m t h e r e s u l t s o f t h e s u r f a c e a n a l y t i c a l i n -

v e s t i g a t i o n s , l e a d i n g t o a b e t t e r u n d e r s t a n d i n g o f t h e 

g rovv th m e c h a n i s m s a n d t h e c o r r o s i o n p r o t e c t i n g p r o p e r -

t i e s o f o x i d e l a y e r s o n m e t a l s u r f a c e s . 
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