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Dedicated to Prof. Jože Gasperič at the occasion of his 65th birthday 
Research, development and use of vacuum thin films started at the Institute for Electronics and Vacuum Techniques, IEVT, 
Ljubljana after its foundation around 1950. With the development of the miniature thin film potentiometers and thin films 
resistors of high stability at IEVT the first production of thin film electronic components in former Yugoslavia was established. 
The technology vvas successfully transferred to Slovenian foreign factory in Cormons Italy where Slovenian minority is living. 
At the same time the high tech research and development of the second and third generation image intensifier tubes was started. 
Prof. Dr. Jože Gasperič was one of the leading scientists investigating the sputtered cermet thin films in his BS and Ph.D. works. 
His findings are basic for understanding the mechanism of grovvth of thin sputtered cermet films. In the middle of eighties an 
experimental ultra high vacuum, UHV, system equipped vvith Auger spectrometer, vvas built at IEVT and the investigation of 
physical and chemical processes of ultra thin oxide film grovvth on the surface of liquid indium and indium alIoys in situ vvas 
achieved for the first time. The experimental method based on Auger Electron Spectroscopy for in situ investigation of the initial 
phase of the ultra thin oxide film grovvth on liquid indium, vvas developed at the institute. The modified experimental method vvas 
also used for the study of ultra thin segregated Sb, Sn or Se films on the surface of FeSiC alloy, microalloyed by Sb, Sn or Se. 
The investigation of ultra thin Sn. Sb or Se films on well defined Fe surfaces is the topic of our present research vvhich is close 
connected vvith the purchase of new AES/XPS instrument vvith the very high spatial resolution. The results of investigations of 
ultra thin oxide films on the liquid indium and InSn alloy as well as Sb and Sn ultra thin film grovvth on the surface of FeSiC 
alloy vvere presented. 

Key vvords: ultra thin films, deposited films, segregated films, surface segregation, oxidation, dissociation 

Prve raziskave, razvoj in uporaba vakuumskih tankih plasti so se začele na Inštitutu za elektroniko in vakuumsko tehniko v 
Ljubljani takoj po ustanovitvi, okrog leta 1950. Z razvojem miniaturnega tankoplastnega potenciometra MP in stabilnih 
tankoplastnih miniaturnih uporov se je pričela na IEVT tudi prva proizvodnja tankoplastnih elektronskih komponent v takratni 
Jugoslaviji. Tehnologija izdelave MP je bila uspešno prenesena v novo ustanovljeno slovensko zamejsko tovarno v Krminu v 
Italiji. Obenem pa so se vršile raziskave in razvoj specialnih fotoelektronk. Sb fotokatod druge in tretje generacije za slikovne 
ojačevalnike z bližinskim prenosom slike, ki je predstavljal "high-tech" v svetovnem merilu. Vakuumisti IEVT so s svojim 
znanjem sodelovali v svetovno znanih institucijah kot npr.: SAES Geters, Heimann, Leybold Heraeus. Skupne rezultate so že 
takrat objavili v tuji znanstveni periodiki. Z raziskavami vakuumskih tankih plasti se je na IEVT intenzivno ukvarjal tudi prof. dr. 
Jože Gasperič, ki je problematiko kermetnih napršenih plasti obdelal v svojem magistrskem in nato še v doktorskem delu. 
Njegova temeljna spoznanja so pomembeno prispevala k razumevanju mehanizma rasti tankih napršenih plasti. Z izgradnjo 
eksperimentalnega ultravisoko vakuumskega sistema, opremljenega s spektrometrom Augerjevih elektronov na IEVT v sredini 
osemdesetih let pa je bila dana možnost raziskav fizikalno kemijskih procesov pri nastanku ultra tankih oksidnih plasti na 
površini tekočih kovin in zlitin "in situ". Tovrstne raziskave so bile izvedene prvič. Načrtovana in osvojena je bila nova 
eksperimentalna metoda, ki je omogočila študij začetnih stopenj rasti oksidnih plasti na tekočem indiju, ki smo ga tudi naparili 
in situ v spektrometru Augerjevih elektronov. Metoda je bila uporabljena tudi za študij ultra tankih segregiranih plasti Sb, Sn in 
Se na površini zlitin Fe-Si-C, mikrolegiranih z Sb, Sn ali Se. Študij ultra tankih plasti Sb, Sn, Se na dobro definiranih površinah 
Fe in V pa je predmet naših sedanjih raziskav, ki so vezane na nabavo novega AES/XPS instrumenta z visoko lateralno 
ločljivostjo. Prikazani so rezultati raziskav ultra tankih oksidnih plasti na tekočem indiju in zlitini InSn ter ultra tankih 
segregiranih Sb in Sn plasti na zlitini FeSiC. 

Ključne besede: ultra tanke plasti, oksidacija, disociacija, In203, ln20, Sb, Sn, površinska segregacija, AES, XPS 

INTRODUCTION 

A d v a n c e d t e c h n o l o g i e s a r e s t r o n g l y d e p e n d e n t o n 

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

s e n s o r s , h i g h d e n s i t y i n t e g r a t e d c o m p o n e n t s , e t c . T h i n 

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

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

p r o d u c t s . U l t r a t h i n f i l m s - U T F v v h o s e t h i c k n e s s i s u p t o 

f e v v m o n o a t o m i c l a y e r s a r e v e r y d e c e s i v e i n t h e s e g r e g a -
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s t r a t e a n d o p e n a c o m p l e t l y n e v v p e r s p e c t i v e i n t h e d e v e l -
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t i e s . W i t h t h e d e v e l o p m e n t o f t h e m i n i a t u r e t h i n f i l m p o -

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

I E V T t h e f i r s t p r o d u c t i o n o f t h i n f i l m e l e c t r o n i c c o m p o -

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

v v a s s u c c e s s f u l l y t r a n s f e r r e d t o S l o v e n i a n f a c t o r y i n C o r -

m o n s - I t a l y v v h e r e t h e S l o v e n i a n m i n o r i t y i s l i v i n g . 
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i n v e s t i g a t i n g t h e s p u t t e r e d c e r m e t t h i n f i l m s i n h i s B S 

a n d P h . D . v v o r k s . H i s f i n d i n g s a r e b a s i c f o r u n d e r -
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I n t h e m i d d l e e i g h t i e s t h e " h i g h t e c h " r e s e a r c h a n d 

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

i n t e n s i f i e r t u b e s v v a s s t a r t e d a t I E V T . A n e x p e r i m e n t a l 

u l t r a h i g h v a c u u m , U H V , s y s t e m e q u i p p e d v v i t h A u g e r 

s p e c t r o m e t e r , v v a s b u i l t a n d t h e a u t h o r v v a s t h e first t o 

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

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

d i u m a n d i n d i u m a l l o y s . 

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

p h a s e o f u l t r a t h i n o x i d e film g r o v v t h o n l i q u i d i n d i u m , 

v v a s d e v e l o p e d a t t h e I E V T i n s t i t u t e . T h e s i m p l i f i e d e x -

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

r e g a t e d S b , S n o r S e U T F o n t h e s u r f a c e o f F e S i C a l l o y , 

m i c r o a l l o y e d v v i t h S b , S n o r S e a t t h e I n s t i t u t e o f M e t a l s 

a n d T e c h n o l o g y L j u b l j a n a , v v h e r e t h e first s t u d i e s o f P 

s e g r e g a t i o n s t a r t e d a l r e a d y i n 1 9 6 2 . 

T h e i n v e s t i g a t i o n o f S n , S b o r S e U T F o n v v e l l d e -

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

s e a r c h v v o r k v v h i c h i s c l o s e c o n n e c t e d v v i t h t h e p u r c h a s e 

o f n e v v A E S / X P S d e v i c e v v i t h t h e v e r y h i g h s p a t i a l r e s o -

l u t i o n . 

T h e r e s u l t s o f i n v e s t i g a t i o n s o f u l t r a t h i n o x i d e films 

o n l i q u i d I n a n d I n S n a l ! o y a s v v e l l a s S b , S n a n d S e u l t r a 

t h i n film g r o v v t h o n t h e s u r f a c e o f F e S i C a l l o y a r e p r e -

s e n t e d . 

1 AES INVESTIGATION OF INITIAL PHASE OF 
LIQUID In A N D InSn ALLOY OXIDATION AND 
DISSOCIATION OF I112O3 

1.1 Fluxless vacuum soldering 

I n t h e p r o d u c t i o n o f t h e t h i r d g e n e r a t i o n i m a g e i n t e n -

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

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

c l e a n s u r f a c e s a r e i n d i s p e n s a b l e f o r o b t a i n i n g g o o d v v e t -

t i n g o f l i q u i d s o l d e r . I n t h e first m o d e l e x p e r i m e n t s w e 

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

m a y o f t e n b e c a u s e d b y t h i n o x i d e film, c o v e r i n g t h e l i q -

u i d s o l d e r . T h e s o l d e r i s l o v v m e l t i n g I n B i o r I n S n a l l o y . 

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

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

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

p h e n o m e n a . 

F o r t h i s p u r p o s e a v e r y s e n s i t i v e e x p e r i m e n t a l 

m e t h o d b a s e d o n A E S v v a s d e v e l o p e d a t I E V T L j u b l j a n a . 

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

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

p r o c e s s o f o x i d i s e d i n d i u m s u r f a c e l n 2 0 3 v v a s t h e m a i n 

g o a l o f t h e i n v e s t i g a t i o n . 

1.2 Experimental method for the investigation of surface 
phenomena at fluxless vacuum soldering 

T h e e x p e r i m e n t s w e r e p e r f o r m e d i n a n a d a p t e d S c a n -

n i n g A u g e r E l e c t r o n M i c r o p r o b e , a d d i t i o n a l l y e q u i p p e d 

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

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

i n d i u m , q u a r t z m i c r o b a l a n c e f o r d e t e r m i n a t i o n o f I n t h i n 

f i l m t h i c k n e s s , q u a d r u p o l e m a s s s p e c t r o m e t e r - Q M S f o r 

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

i n t r o d u c t i o n . E s p e c i a l l y d e s i g n e d c o n n e c t i o n s e n a b l e d 

t h e m o v e m e n t o f t h e s a m p l e , figure 1. 
T h e s a m p l e h i g h p u r i t y i n d i u m t h i n f i l m v v a s d e p o s -

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

l n 2 0 3 film v v a s o b t a i n e d b y e x p o s u r e o f t h e i n d i u m s u r -

f a c e t o p u r e o x y g e n a t c o n s t a n t p r e s s u r e 5 x 1 0 " 5 m b a r 

v v i t h o x y g e n t i m e e x p o s u r e u p t o 1 0 0 m i n u t e s i n t e m -

p e r a t u r e r a n g e f r o m 2 5 t o 2 5 0 ° C . 

T h e r e s i s t i v e h e a t e r f o r i n v e s t i g a t i n g I n / I n 2 0 3 f i l m 

v v a s a M o s t r i p v v h i c h c o u l d b e h e a t e d u p t o 1 0 0 0 ° C . A 

t h e r m o c o u p l e F e - C u N i v v a s v v e l d e d o n t h e r e a r s i d e o f 

t h e M o s t r i p . T h e i n d i u m s o u r c e f o r i n s i t u d e p o s i t i o n 

v v a s p r e p a r e d f r o m i n d i u m m e t a l o f 6 N p u r i t y . 

1.3 AES studies of the initial phase of liquid indium oxi-
dation 

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

o c c u r s a s ( 1 ) : 

4 I n ( 1 ) + 3 0 2 ( g ) ^ 2 l n 2 0 3 ( c ) ( 1 ) 

v v h e r e ( c ) , ( 1 ) a n d ( g ) m e a n c r y s t a l l i n e , l i q u i d a n d g a s 

s t a t e , r e s p e c t i v e l y . T h e s o l u b i l i t y o f o x y g e n i n p u r e l i q -

u i d i n d i u m i s e x t r e m e l y l o v v , l x l 0 ~ 6 a t o m i c p e r c e n t a t 

5 5 0 ° C a n d i t i s n e g l i g i b l e i n t h e t e m p e r a t u r e r a n g e o f 

o u r i n v e s t i g a t i o n f r o m 2 5 t o 2 5 0 ° C . T h e d i f f u s i v i t y o f 

Figure 1: AES spectrometer adapted for liquid indium surface 
investigations: 1 - sample, 2 - Thermocouple, 3 - sample holder, 4 -
flexible connections, 5 - rigid connections, 6 - In source for in situ 
evaporation, 8 - flange, 9 - CMA, 10 - ion gun, 11 - QMS, 12 - lead 
through, 13 - quartz microbalance, 14 - metal valve for oxygen 
introduction 
Slika 1: Spektrometer Augerjevih elektronov prirejen za raziskave 
procesov na tekočem indiju: 1 - vzorec, 2 - termočlen, 3 - nosilec 
vzorca, 4 - gibljivi priključki, 5 fiksni priključki, 6 - In izvir za "in situ" 
naparevanje, 8 - prirobnica, 9 - CMA, 10 - ionska puška, 11 - QMS, 12 
- prevodnice, 13 - kremenova mikrotehtnica, 14 - vpustni ventil za 
kisik 
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Figure 2: Surface oxidation rate of crystalline and liquid indium at 
temperatures 25, 150 in 250°C at a constant oxygen pressure of 5xl0"5 

mbar 
Slika 2: površinska oksidacija trdnega in tekočega indija pri 
temperaturah 25, 150 in 250 °C in konstantnem tlaku kisika 5x10"5 

mbar. 

o x y g e n i n l i q u i d i n d i u m i s v e r y l o w , 3 . 7 x l 0 ~ 7 c m 2 s " 1 a t 

5 5 0 ° C . 

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

p u r e I i q u i d i n d i u m o x i d a t i o n o c c u r s a t t h e s u r f a c e . 

T h e k i n e t i c s o f t h i n o x i d e film g r o w t h o n c r y s t a l l i n e 

a n d l i q u i d i n d i u m w a s i n v e s t i g a t e d b y A E S , f o l l o w i n g 

t h e p e a k h e i g h t r a t i o - P H R o f a m p l i t u d e s b e t w e e n 

O ( K L L ) a n d I n ( M 5 N 4 5 N 4 5 ) A u g e r t r a n s i t i o n a t k i n e t i c 

e l e c t r o n e n e r g i e s o f 5 1 2 e V a n d 4 0 2 e V ( f o r I n 0 ) a n d 4 0 5 

e V ( f o r I n 3 + ) r e s p e c t i v e l y . F o r a d e f i n e d g e o m e t r i c a l s a m -

p l e p o s i t i o n i n t h e A E S s p e c t r o m e t e r , t h e k i n e t i c s o f t h e 

t h i n o x i d e film g r o w t h w a s f o l l o w e d u p t o t h e film t h i c k -

n e s s o f 3 . 5 n m , v v h i c h c o r r e s p o n d s t o a n e f f e c t i v e e l e c -

t r o n d e p t h e s c a p e f o r l n 2 0 3 . 

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

p e r a t u r e s o f 2 5 , 1 5 0 , 2 5 0 i n 5 5 0 ° C , figure 2. 
T h i n o x i d e f i l m t h i c k n e s s o f 3 . 5 n m o n p u r e i n d i u m 

v v e r e o b t a i n e d a t c o n d i t i o n s l i s t e d i n Table 1. 

Table 1: ln203 films, 3.5 nm thick obtained at different temperatures 
and different oxygen exposures 

T e m p e r a t u r e ( ° C ) O x y g e n e x p o s u r e ( L ) 

2 5 6 x 1 0 4 

2 5 0 3 x l 0 4 

5 5 0 1 . 5 x 1 0 4 

A t h i g h e r t e m p e r a t u r e s T > 3 6 0 ° C , a v o l a t i l e o x i d e 

w a s f o r m e d b y t h e r e a c t i o n : 

l n 2 0 3 ( c ) + 4 I n ( 1 ) < - » 3 l n 2 0 ( g ) ( 2 ) 

T h e r e a c t i o n b e t v v e e n t h e l n 2 0 3 t h i n f i l m a n d t h e u n -

d e r l y i n g l i q u i d i n d i u m , c o r r e s p o n d i n g t o e q u a t i o n ( 2 ) 

w a s s t u d i e d a t t h e t e m p e r a t u r e o f 3 6 0 , 4 0 0 , 4 5 0 a n d 

5 5 0 ° C i n v a c u u m o f l x l 0 " 9 m b a r . T h e r e s u l t s a r e s h o v v n 

in figure 3. 

OC 
ZC 
O . 

Figure 3: Isothermal dissociation of ln 2 0 3 ultra thin solid film on 
liquid indium at the temperatures 360, 400, 450 in 550°C in a vacuum 
below lxl0"9 mbar 
Slika 3: Izotermna disociacija ultra tanke plasti ln 2 0 3 na tekočem 
indiju pri temperaturah 360, 400, 450 in 550 °C in vakuumu pri tlaku 
< lxl0~9 mbar. 

1.4 Investigation of huOj dissociation in uhv by AES 

A t t e m p e r a t u r e T > 3 6 0 ° C t h e e v a p o r a t i o n o f v o l a t i l e 

l n 2 0 c o r r e s p o n d i n g t o e q u a t i o n ( 2 ) p r o c e e d e d v v i t h p e r -

c e i v a b l e v e l o c i t y . A t 5 5 0 ° C t h e p r o c e s s v v a s s o f a s t t h a t 

A E S s t u d i e s o f l n 2 0 3 t o I n v v e r e n o t p o s s i b l e . 

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

s o l d e r i n g d e p e n d s u p o n t h e f a c t t h a t t h e t h i n l n 2 0 3 f i l m 

s p o n t a n e o u s l y d i s a p p e a r e d - d i s s o c i a t e d a t T > 3 6 0 ° C b y 

l n 2 0 e v a p o r a t i o n f o l l o v v i n g t h e e q u a t i o n ( 2 ) l n 2 0 3 ( c ) + 4 

I n ( I ) o 3 l n 2 0 ( g ) . 

1.5 AES investigation of initial phases oxidation of InSn 
liquid solder 

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

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

t o I n S n s o l d e r ( 2 0 a t . % I n , 8 0 a t % S n ) v v a s a p p l i e d . T h e 

s a m p l e s h i g h p u r i t y I n S n f i l m , 2 . 5 j i m t h i c k v v e r e p r e -

p a r e d i n B a l z e r s S p u t r o n p l a s m a b e a m a p p a r a t u s , figure 
4. 

O n t h e o x i d i s e d I n S n s u r f a c e a d i f f e r e n c e b e t v v e e n 

A E S s p e c t r a o f p u r e m e t a l I n ( 4 0 2 , 4 0 8 e V ) a n d l n 2 0 3 

( 3 9 9 , 4 0 5 e V ) v v a s f o u n d . F o r t i n ( 4 2 8 , 4 3 5 e V ) t h e c h a r -

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

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

r e c o g n i z e d . 

Figure 5 s h o v v s t h e A E S s p e c t r a o f t h e l i q u i d I n S n 

a l l o y e x p o s e d t o p u r e o x y g e n 1 . 5 x 1 0 4 L , c o v e r e d b y t h i n 

o x i d e film, a p p r o x i m a t e l y 3 . 5 n m t h i c k (figure 6 ) , c o r r e -

s p o n d i n g t o a n e f f e c t i v e e l e c t r o n d e p t h e s c a p e A^f f o r 

l n 2 0 3 . 



Figure 4: AES spectrum of InSn solder (20 at.% In and 80 at% Sn) 
after ion etching approximately 3 nm under surface 
Slika 4: AES spekter InSn spajke(20 at.% In and 80 at% Sn) po 
ionskem jedkanju približno 3nm pod površino 
The samples were oxidised in situ in Auger Spectrometer by exposure 
of a clean surface of Iiquid InSn alloy to pure oxygen (104 - 10" L) at 
250°C. 

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

o f l i q u i d I n S n s o l d e r v v e r e e n r i c h e d i n i n d i u m i n v a r y i n g 

a m o u n t s , d e p e n d i n g o n o x y g e n p r e s s u r e , t i m e e x p o s u r e 

e t c . 

I n t h e first p a r t o f t h e i n v e s t i g a t i o n i t w a s f o u n d t h a t 

t h e s u r f a c e o x i d a t i o n o f I n , i n b u l k o r i n t h e f o r m o f a 

t h i n f i l m c a n b e f o r m u l a t e d b y e q u a t i o n ( 1 ) : 

4 I n ( 1 ) + 3 0 2 ( g ) 2 l n 2 0 3 ( c ) ( 1 ) 

Figure S: AES spectrum of 3.5 nm thick oxide UTF on the surface of 
liquid InSn alloy 
Slika 5: AES spekter 3.5 nm debele oksidne plasti na površini tekoče 
spajke InSn. 

w h e r e ( c ) , ( 1 ) a n d ( g ) m e a n c r y s t a l l i n e , l i q u i d a n d g a s 

s t a t e , r e s p e c t i v e l y . 

T h e s u r f a c e o x i d a t i o n o f S n , i n b u l k o r i n t h i n film, 

o c c u r s b y t h e r e a c t i o n s : 

2 S n ( 1 ) + 0 2 ( g ) < - » 2 S n O ( c ) ( 3 ) 

S n ( 1 ) + 0 2 ( g ) <-> S n O , ( c ) ( 4 ) 

A E S c h e m i c a l s h i f t s o f S n O a n d S n 0 2 a r e a p p r o x i -

m a t e l y t h e s a m e . O n t i n e x p o s e d t o o x y g e n ( 1 0 4 - 1 0 6 L ) 

b o t h o x i d e s S n O a n d S n 0 2 w e r e f o u n d . A s t h e s a m e o c -

c u r s f o r S n O a n d S n 0 2 , c h e m i c a l s h i f t c a n n o t b e u s e d t o 

i d e n t i f y t h e o x i d i z e d s t a t e o f t h e t i n film. I t v v a s p r o -

p o s e d t h a t a m i x t u r e o f o x i d e s S n O , S n 0 2 a n d l n 2 0 3 v v a s 

f o r m e d o n I n S n a l ! o y a t t h e e x p o s u r e t o o x y g e n ( 1 0 4 -

1 0 6 L ) . T h e m i x t u r e o f o x i d e s a p p e a r e d t o b e t h e r m o d y -

n a m i c a l l y u n s t a b l e n e a r t h e a l l o y - o x i d e i n t e r f a c e ; S n O 

a n d S n 0 2 o x i d e s v v e r e r e d u c e d t o S n v v i t h t h e t e n d e n c e t o 

t h e f o r m a t i o n o f a d d i t i o n a l l n 2 0 3 

3 S n O ( o x i d c c ) + 2 I n ( a l l o y ] ) <-> I n 2 0 3 ( o x i d e c ) + 3 S n ( a ] l o y l ) ( 5 ) 

3 S n 0 2 ( o x i d e c ) + 4 I n ( a l l o y l ) 2 I n 2 0 3 ( o x i d e c ) + 3 S n ( a l l o y l ) ( 6 ) 

F r e e e n e r g y A G " o f r e a c t i o n s ( 5 ) a n d ( 6 ) a r e o b t a i n e d 

b y u s i n g t h e d a t a f o r f r e e e n e r g y o f f o r m a t i o n S n O , S n 0 2 

a n d l n 2 0 3 

A G ° ( S n O ) = 

= - 6 9 6 7 0 + 3 . 0 6 T l o g T - 1 . 5 x l 0 ' 3 T 2 - 0 . + 1 8 . 3 9 T ( 7 ) 

A G ° ( S n O j ) = - 1 4 3 0 8 0 - 7 . 3 7 T l o g T -

- 0 . 7 x 1 0 ' 3 T 2 + 2 . 3 8 x l 0 5 T ' + 7 6 . 5 3 T ( 8 ) 

A G ° ( I n 2 0 3 ) = - 2 2 0 9 7 0 + 2 4 . 2 2 T l o g T -

3 x l 0 " 3 T 2 - 0 . 3 x l 0 5 T ' + 4 1 . 3 6 T ( 9 ) 

Figure 6: AES depth profile of oxide UTF on surface of liquid InSn 
solder. Oxide UTF was made in situ 
Slika 6: AES profilni diagram ultra tanke oksidne plasti na tekoči 
spajki InSn; oksidna plast je bila narejena in situ 



A t t h e t e m p e r a t u r e 2 5 0 ° C A G ° ( 5 ) = - 5 2 5 k J m o l 1 a n d 

( 6 ) = - 2 8 5 k J m o l " 1 a n d t h e e q u i l i b r i u m c o n s t a n t s : 

K ( S ) = ( a S n
3 x a I n 2 0 3 ) / ( a s n 0 3 * a I n 2 ) = 2 . 2 x 1 0 5 2 ( 1 0 ) 

K ( 6 ) = ( a s „ 3 x a I n 2 0 3
2 ) / ( a S n 0

3 x a I n
4 ) = 2 . 8 x l 0 2 8 ( 1 1 ) 

w h e r e a i s a r e t h e a c t i v i t i e s o f t h e r e a c t a n t s a n d p r o d -

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

vvould b e a m i x t u r e o f p u r e I ^ O i , S n O a n d S n 0 2 . T h e 

d r i v i n g f o r c e f o r r e a c t i o n s ( 5 ) a n d ( 6 ) i s t h e r e f o r e 

A G ( 5 ) = A G " + R T l n [ ( l - N I n ) 3 / N 2 , J ( 1 2 ) 

A G ( 6 ) = A G ° + R T l n [ ( 1 - N I n ) ~ V N 4
I n ] ( 1 3 ) 

N i n i s t h e i n d i u m c o n c e n t r a t i o n i n t h e S n l n a l I o y . A t 

2 5 0 ° C A G f o r N i „ 1 0 ' 6 ( I p p m ) i s - 1 0 8 k J m o l ' 1 f o r r e a c -

t i o n ( 5 ) a n d - 3 5 1 k J m o k 1 f o r r e a c t i o n ( 6 ) . 

I n o t h e r w o r d s , S n O a n d S n 0 2 a r e t h e r m o d y n a m i -

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

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

f o r m e d a t I n S n a l l o y s h o u l d b e l n 2 0 3 a t 2 5 0 ° C . S i n c e a l i 

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

a m o u n t s o f S n O a n d S n 0 2 a n d t h e o v e r a l l S n O , 

S n 0 2 / I n 2 0 3 r a t i o d e p e n d o n 0 2 p r e s s u r e , t e m p e r a t u r e , 

d i f f u s i o n c o e f f i c i e n t , s o l u b i l i t i e s a n d o t h e r f a c t o r s . C o n -

s e q u e n t l y t h e m i x e d o x i d e s S n O a n d S n 0 2 i n t h e o x i d e -

a l l o y i n t e r f a c e t e n d t o b e c o n v e r t e d i n t o S n a n d l n 2 0 3 . 

1.6 AES investigation of Itn03 dissociation on the sur-
face ofliquid InSn solder in UHV 

T h e l a s t p a r t o f f l u x l e s s v a c u u m s o l d e r i n g i n U H V 

i n v e s t i g a t i o n d e a l t v v i t h t h e " c l e a n i n g p r o c e s s " b y d i s s o -

c i a t i o n o f t h i n l n 2 0 3 f i l m f r o m t h e s u r f a c e o f t h e l i q u i d 

Figure 1-. Changes in AES peaks of In, Sn and O betvveen heating of 
oxidized InSn solder at constant temperature of 450°C 
Slika 7: Spremembe AES vrhov značilnih za In, Sn in O med 
segrevanjem oksidirane spajke InSn pri konstantni temperaturi 450°C 

I n S n s o l d e r . T h e r e a c t i o n b e t v v e e n t h e t h i n l n 2 0 3 film a n d 

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

4 I n ( 1 ) + 3 0 2 ( g ) 2 l n 2 0 3 ( c ) ( 1 ) 

v v a s i n v e s t i g a t e d a t 5 5 0 ° C a n d t h e r e s u l t s a r e s h o v v n i n 

f i g u r e 7 . I t v v a s f o u n d t h a t a t T > 2 5 0 ° C i n U H V t h e t h i n 

I n 2 0 3 film f o r m e d o n t h e s u r f a c e o f l i q u i d I n S n a l l o y 

s p o n t a n e o u s l y d i s a p p e a r e d b y I n 2 0 3 d i s s o c i a t i o n a c -

c o r d i n g t o e q u a t i o n ( 1 ) . T h e o x i d e s S n O a n d S n 0 2 o r 

I n 2 0 3 a r e u n s t a b l e i n v e r y t h i n o x i d e films o n t h e s u r -

f a c e o f a l i q u i d I n S n s o l d e r a t T > 2 5 0 ° C . 

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

d i u m , p r e v i o u s l y c l e a n e d a t T > 3 6 0 ° C , r e c o n t a m i n a t i o n 

i s n e g l i g i b l e i n U H V i n t h e t e m p e r a t u r e r a n g e : 

T m < T < 3 6 0 ° C 

A t f l u x l e s s v a c u u m s o l d e r i n g v v i t h l i q u i d I n S n s o l d e r , 

p r e v i o u s l y c l e a n e d a t T > 3 6 0 ° C , r e c o n t a m i n a t i o n i s n e g -

l i g i b l e i n U H V i n t h e t e m p e r a t u r e r a n g e T m < T < 

3 6 0 ° C . 

2 CHARACTERIZATION OF SEGREGATED Sb 
AND Sn UTF BY AES 

2.1 Introduction 

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

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

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

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

m e n t s d u r i n g t h e i r m a n u f a c t u r i n g a n d u s e . S o m e o f t h e s e 

e l e m e n t s v v h i c h s e g r e g a t e s o n f r e e s u r f a c e s ( s u r f a c e s , 

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

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

s u r f a c e d i f f u s i o n , r e c r y s t a l l i z a t i o n , c a t a l y t i c a c t i v i t y , 

f r i c t i o n a n d v v e a r 7 8 . 

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

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

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

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

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

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

i n g o n t h e s u r f a c e o r g r a i n b o u n d a r i e s a n d c a n c a u s e 

m e t a l e m b r i t t l e m e n t . 

T h e a i m o f t h e i n v e s t i g a t i o n v v a s t o e x a m i n e t h e n a -

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

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

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

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

c a l e n e r g y . 

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

d i t i o n o f a n t i m o n y , t i n a n d s e l e n i u m i n t o t h e m e l t o f s i l i -

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

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

s u r f a c e s a n d g r a i n b o u n d a r i e s 9 1 3 1 5 " 1 9 . 

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

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

n e t i c l a t t i c e o r i e n t a t i o n v v h i c h g r o v v o n t h e a c c o u n t o f 

g r a i n s v v i t h o t h e r c r y s t a l l o g r a p h i c o r i e n t a t i o n s , a n d i n 



t h i s w a y i m p r o v e s t h e m a g n e t i c p r o p e r t i e s . O u r i n v e s t i -

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

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

g r a i n s 1 7 " 1 9 . 

T h e k i n e t i c s o f s u r f a c e s e g r e g a t i o n i s d e t e r m i n e d b y 

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

S u r f a c e s e g r e g a t i o n k i n e t i c s w a s m e a s u r e d o n n o n o r i -

e n t e d s i l i c o n s t e e l s h e e t i n s i t u b y 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 - A E S , b y a n n e a l i n g a n d s i m u l t a n e o u s a n a l y s i s 

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

U H V . 

N o n o r i e n t e d s i l i c o n s t e e l i s a p o l y c r y s t a l l i n e m u l t i -

c o m p o n e n t a l l o y o f F e , S i , A l , C , P a n d S . T h e a d d i t i o n 

o f a p p r o x i m a t e l y 0 . 0 5 t o 0 . 1 % o f s i n g l e e l e m e n t s i . e . a n -

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

s i t e s 7 ' 2 5 . 

T h e g r a i n b o u n d a r y s e g r e g a t i o n o f S b a n d S n w a s 

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

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

b e t v v e e n 4 5 0 a n d 6 5 0 ° C t o e s t a b l i s h t h e e q u i l i b r i u m 

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

m o u n t e d i n t o U H V s y s t e m , f r a c t u r e d i n s i t u a f t e r c o o l i n g 

a n d a n a l y s e d b y A E S . 

T h e m a i n p o i n t o f t h e r e s e a r c h w o r k w a s t h e d e t e r m i -

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

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

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

i n c l u d e d t h e d e t e r m i n a t i o n a n d e v o l u t i o n o f t h e t e x t u r e 

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

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

e r g y l o s s e s , a s v v e l l a s m a g n e t i c p r o p e r t i e s . 

2.2 Surface segregation of antimony and tin 

M o s t e l e m e n t s d i s s o l v e d i n i r o n t e n d t o e n r i c h a t e l e -

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

t e r f a c e s a n d d i s t r i b u t i o n e q u i l i b r i u m Aj issoivcd < - > A segregated 

a r e e s t a b l i s h e d a t s u f f i c i e n t l y h i g h t e m p e r a t u r e 7 - 2 5 ' 2 6 3 4 . 

2 . 2 . 1 A n t i m o n v 

A n t i m o n y s u r f a c e s e g r e g a t i o n v v a s s t u d i e d u s i n g A E S 

m e t h o d o n a 2 . 0 % S i s t e e l , a l l o y e d v v i t h d i f f e r e n t m a s s 

c o n t e n t s o f S b ( 0 . 0 5 a n d 0 . 1 % ) . T h e d e p e n d e n c e o f s u r -

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

o f o t h e r s o l u t e a t o m s o f S , P , C , A l a n d S i v v a s i n v e s t i -

g a t e d i n s i t u u n d e r U H V c o n d i t i o n s b y A E S i n t h e t e m -

p e r a t u r e r a n g e f r o m 4 5 0 t o 9 0 0 ° C . 

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

m a t e d b y f o l l o v v i n g t h e p e a k h e i g h t r a t i o - P H R o f a r a -

p l i t u d e s b e t v v e e n t h e d o m i n a n t S K M s N ^ N ^ s ) a n d F e ( L 

M i , 3 V ) A u g e r t r a n s i t i o n s a t k i n e t i c e n e r g i e s o f 4 5 4 a n d 

6 5 1 e V , r e s p e c t i v e l y . 

T h e m o l e f r a c t i o n o f S b 0 . 0 5 % a n d 0 . 1 % i n i n v e s t i -

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

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

l i m i t o f A E S m e t h o d . T h e e n r i c h m e n t o f S b , c a u s e d b y 

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

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

A E S m e t h o d . 

A E S m e a s u r e m e n t s s h o v v e d a d i f f e r e n t q u a n t i t y o f 

s e g r e g a t e d a n t i m o n y o n d i f f e r e n t g r a i n s (figure 8). A l i 

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

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

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

f a c e s e g r e g a t i o n a ) o n g r a i n v v i t h ( 0 0 1 ) a n d b ) ( 1 1 1 ) o r i -

e n t a t i o n i s s h o v v n o n figure 9. 
T h e s u r f a c e o f i n v e s t i g a t e d s t e e l a l l o y e d v v i t h 0 . 1 % 

S b v v a s c l e a n s p u t t e r e d v v i t h A r + i o n s a n d i n s i t u a n n e a l e d 

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

t e m p e r a t u r e v v a s i n c r e a s e d e v e r y 2 0 m i n u t e s f o r 5 0 ° C . 

T h e a n t i m o n y s e g r e g a t i o n r a t e v v a s p e r c e i v e d a t t e m p e r a -

t u r e T > 6 5 0 ° C a n d i t i n c r e a s e d v v i t h t h e i n c r e a s i n g t e m -

p e r a t u r e , v v h i l e a t T > 8 5 0 ° C t h e a n t i m o n y s e g r e g a t i o n 

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

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

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

s u r f a c e s e g r e g a t i o n o n s i n g l e c r v s t a l s u r f a c e s o f F e - 4 % 

S b o f d e f i n e d o r i e n t a t i o n . F o r t h e s a m e p r i m a r y e n e r g y 

o f e x c i t i n g e l e c t r o n s , t h e s a t u r a t i o n P H R v v e r e m e a s u r e d 

f o r s i n g l e c r y s t a l s u r f a c e s o f ( 1 0 0 ) , ( 1 1 0 ) a n d ( 1 1 1 ) o r i -

e n t a t i o n . F o r t h e ( 1 0 0 ) o r i e n t e d s u r f a c e , t h e s a t u r a t i o n 

c o v e r a g e i s h a l f o f a m o n o l a y e r c o r r e s p o n d i n g t o L E E D 

c ( 2 x 2 ) o v e r l a y p a t t e r n . F o r o t h e r s u r f a c e o r i e n t a t i o n s , n o 

v v e l l d e f i n e d o r d e r e d s t r u c t u r e o f s u r f a c e c o v e r a g e v v a s 

o b s e r v e d . T h e P H R v v a s o f t h e s a m e o r d e r ; f o r ( 1 1 1 ) o r i -

e n t e d g r a i n 0 . 6 , a n d f o r ( 1 0 0 ) o r i e n t e d g r a i n 0 . 4 . I n t h e 

i n v e s t i g a t e d s t e e l s o t h e r s o l u t e e l e m e n t s s u c h a s C , S a n d 

P a r e p r e s e n t . T v v o o r m o r e e l e m e n t s c a n s i m u l t a n e o u s l y 

s e g r e g a t e t o t h e s u r f a c e . I n s u c h c a s e s a c o m p e t i t i o n f o r 

t h e s i t e s a v a i l a b l e o c c u r s 2 4 - 3 2 . T h e r e l a t i v e a m o u n t o f s e g -

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

e n e r g y o f s e g r e g a t i o n a n d t h e i r c o n c e n t r a t i o n i n t h e 

b u l k 2 9 ' 3 2 ' 3 4 7 " 3 7 . A l s o t h e k i n e t i c s o f a n t i m o n y s u r f a c e s e g -

r e g a t i o n v v a s m e a s u r e d (figure 10). 

T h e r e a r e t v v o p o s s i b l e e x p l a n a t i o n s f o r t h i s e f f e c t , s i -

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

p e t i t i o n f o r s i t e s a v a i l a b l e o n t h e s u r f a c e , a n d / o r d e s o r p -

t i o n f r o m t h e s e g r e g a t e d l a y e r . 

Figure 8: SAM image of the surface of steel vvith 0.05% Sb. A 
different quantity of segregated antimony vvas measured on grains vvith 
different orientation in the plane of the sheet 
Slika 8: SAM posnetek površine jekla legiranega z 0.05%Sb. 
Površinska segregacija Sb je odvisna od kristalografske orientacije zrn. 



Slika 9: Temperaturna odvisnost površinske segregacije na jeklu z 0.1 %Sb a) na zrnu (100), b) na zrnu (111) 

Figure 10: Sb surface segregation on steel with 0.1% Sb on a) (100) and b) (111) oriented grain at 800 and 850°C 
Slika 10: Površinska segregacija Sb na jeklu z 0.1% Sb a) (100) zrno in b) (111) zrno pri 800 in 850 °C 

T h e c o m p e t i t i v e s u r f a c e s e g r e g a t i o n o f a n t i m o n y a n d Q S b _ 

s u l p h u r i s d e s c r i b e d b y t h e f o l l o v v i n g e q u a t i o n s 2 5 : i _ © s _ e s b
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S b s a r e m o l e f r a c t i o n s a n d A G S b a n d A G S a r e f r e e e n e r g i e s 



Figure 11: SAM image of the surface of steel with 0.1% Sn. A 
different quantity of segregated tin was measured on grains with 
different orientation in the sheet plane 
Slika 11: SAM posnetk površine jekla z 0.1% Sn. Površinska 
segregacija Sn je odvisna od kristalografske orientacije zrn v ravnini 
pločevine. 

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

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

A n t i m o n y d e s o r p t i o n f r o m s e g r e g a t e d l a y e r w a s e s -

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

a t T > 7 5 0 ° C . 

2 . 2 . 2 T i n 

A s c a n n i n g A u g e r i m a g e - S A M o f n o n - o r i e n t e d e l e c -

t r i c a l s t e e l a n n e a l e d 1 0 m i n u t e s a t 8 0 0 ° C w a s t a k e n . T h e 

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

e t c h p i t m e t h o d . Figure 11 s h o v v s S E M a n d S A M i m -

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

s u r f a c e t i n s e g r e g a t i o n r a t e o n d i f f e r e n t g r a i n s v v a s m e a s -

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

f o r s e g r e g a t e d t i n a t o m s . 

Figure 12 s h o v v s t h e t e m p e r a t u r e d e p e n d e n c e o f s u r -

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

o r i e n t e d e l e c t r i c a l s t e e l a l l o y e d v v i t h 0 . 0 5 % S n o n g r a i n 

o r i e n t a t i o n s ( 0 0 1 ) a n d ( 1 1 1 ) r e s p e c t i v e l y . E l e c t r i c a l s t e e l 

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

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

t i o n o n b i n a r y a l l o y s . 

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

a n d v o l u m e d i f f u s i v i t i y a r e a s f o l l o v v s : 

A H " S i < A H " C < A H " P a n d D c
v » D S i

v > D p
v 

A t l o v v e r t e m p e r a t u r e , a b o u t 3 0 0 ° C , C s e g r e g a t e d t o 

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

p a r i s o n t o S i a n d P , a l t h o u g h t h e b u l k c o n c e n t r a t i o n v v a s 

v e r y l o v v , o n l y 1 5 p p m . A t h i g h e r t e m p e r a t u r e , C a t o m s 

v v e r e d i s p l a c e d b y S i a t o m s a n d P v v h i l e S a t o m s d i s -

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

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

t h a l p y i s v e r y h i g h , t h e r e f o r e t i n s t a r t e d s e g r e g a t i n g 

s i g n i f i c a n t l y a b o v e 6 0 0 ° C . K i n e t i c s s t u d y c o n f i r m e d t h e 

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

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

I t v v a s a s c e r t a i n e d 1 7 t h a t o n g r a i n s v v i t h ( 1 0 0 ) a n d 

( 1 1 1 ) o r i e n t a t i o n i n t h e s h e e t p l a n e , t h e s e g r e g a t i o n o f t i n 

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

s u r f a c e e n e r g y . O n a s u r f a c e v v i t h a ( 1 1 1 ) o r i e n t a t i o n 

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

v v a s f o u n d . O u r m e a s u r e m e n t s s h o v v e d t h a t t i n s u r f a c e 

c o v e r a g e d e p e n d e n c e o n t i n b u l k c o n c e n t r a t i o n a n d 0 

v a l u e a p p r o a c h e d o n e f o r ( 1 0 0 ) a n d ( 1 1 1 ) o r i e n t a t i o n s . 

2.3 Grain boundary segregation 

2 . 3 . 1 A n t i m o n v 

G r a i n b o u n d a r i e s o f F e S i s t e e l a l l o y e d v v i t h 0 . 0 5 a n d 

0 . 1 % S b v v e r e a l s o a n a l y z e d b y A E S a f t e r a g e i n g f o r 2 0 0 

a n d 5 0 0 h o u r s a t 5 5 0 ° C . T h e f r a c t u r e f a c e t s v v e r e a l m o s t 

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

l a r d e c o h e s i o n v v a s n o t i c e d . I n t h e i n v e s t i g a t e d a l l o y s 

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

r e g a t i o n (figure 13). O n l y a n e g l i g i b l e g r a i n b o u n d a r y 

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

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

Figure 12: Temperature dependence of surface segregation on steel with 0.1% Sn on a) (100) and b) (111) oriented grains 
Slika 12: Temperaturna odvisnost površinske segregacije na jeklu z 0.1 %Sn a) (100) in b) (111) orientirana zrna. 



Figure 13: AES spectra taken on a) transgranular facets and SEM image of fractured sample and b) an intergranular facet of non oriented silicon 
steel with 0.1% Sb and SEM image of transgranular facet 
Slika 13: AES spekter posnet na a) transkristalni ploskvi in SEM posnetek prelomljenega vzorca in b) interkristalni prelom silicijevega jekla za 
neorientirano pločevino z 0.1 %Sb 
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Figure 14: XPS spectra taken on intergranular facet and SEM image of fractured non oriented silicon steel vvith 0.1% Sn 

Slika 14: XPS spekter posnet na interkristalni ploskvi in SEM posnetek prelomljenega vzorca silicijevega jekla za neorientirano elektro pločevino 



Figure 15: Pole figure of (200) grains obtained by X-ray difractometry 
shows the share of grains with (001)(100) texture in the steel sheet 
vvith 0.05% Sb 
Slika 15: Polove figure zrn (200) narejene z rentgensko difraktometrijo 
prikazujejo delež zrn (001)(100) v teksturi elektro pločevine z 0.05% 
Sb. 

Figure 16: Texture fibres in the middle plane a) and b) on the surface 
of electrical steel vvith 0.05% Sn and vvithout Sn 
Slika 16: Tekstura vlaken v sredini vzorca a) in b) na površini elektro 
pločevine z 0.05% Sn in brez Sn. 

2 . 3 . 2 T i n 

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

a n n e a l i n g t h e s p e c i m e n a l l o y e d v v i t h 0 . 1 % S n f o r 2 0 0 

h o u r s a t 5 5 0 ° C , figure 14. 
C o n s i d e r i n g t h a t t i n i s e q u a l l y d i s t r i b u t e d o n b o t h 

f r a c t u r e d s i d e s , a c o v e r a g e o f g r a i n b o u n d a r y s u r f a c e o f 

0 . 0 5 M L v v a s e s t i m a t e d . T h e s c a t t e r i n g o f r e s u l t s v v a s 

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

t i o n t o g r a i n b o u n d a r y o r i e n t a t i o n . S t e e l a l l o y e d v v i t h 

0 . 0 5 % S n h a d m u c h l e s s i n t e r g r a n u l a r f a c e t s . T h e e v a l u -

a t e d e q u i l i b r i u m s e g r e g a t i o n v v a s s m a l l e r t h a n i n s t e e l a l -

l o y e d v v i t h 0 . 1 % S n . D e t a i l e d A E S a n a l y s e s o f f r e e s u r -

f a c e s b e t v v e e n i n c l u s i o n ( A 1 N , A 1 2 0 3 ) a n d m a t r i x c l e a r l y 

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

a t t h e i r i n t e r f a c e s . 

2.4 Texture determination 

2 . 4 . 1 A n t i m o n v 

T h e r e s u l t s s u p p o r t t h e h y p o t h e s i s t h a t t h e t e x t u r e 

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

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

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

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

t a i n e d (figure 15), s h o v v s t h a t o n l y a s m a l l s h a r e o f 

g r a i n s v v i t h ( 0 0 1 ) ( 1 0 0 ) t e x t u r e v v a s f o u n d i n t h e i n v e s t i -

g a t e d 0 . 0 5 % S b s t e e l . 

2 . 4 . 2 T i n 

T h e r e s u l t s s u p p o r t t h e h y p o t h e s i s t h a t t h e t e x t u r e 

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

t i n o n s u r f a c e e n e r g y . T h e t e x t u r e v v a s m e a s u r e d o n t h e 

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

t h i c k n e s s v v a s r e m o v e d . T a k i n g i n t o a c c o u n t t h a t a p -

p r o x i m a t e l y s i x c r y s t a l g r a i n s c o n s t i t u t e t h e 0 . 5 m m 

t h i c k c r o s s - s e c t i o n s t e e l s h e e t a n d t h e f a c t t h a t p e n e t r a -

t i o n d e p t h s o f X - r a y s v v a s l e s s t h a n 0 . 0 1 m m o n e m i g h t 

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

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

e r t h e l e s s , t h e r e v v e r e n o t m o r e t h a n 1 0 % o f s u c h g r a i n s . 

T h e o r i e n t a t i o n d i s t r i b u t i o n f u n c t i o n s ( O D F ) f ( g ) 

v v e r e c a l c u l a t e d f r o m t h e ( 2 0 0 ) , ( 1 1 0 ) a n d ( 2 1 1 ) p o l e fig-

u r e s . T h e t e x t u r e s v v e r e p r e s e n t e d a s a , y a n d r | f i b r e s . 

Figure 16 s h o v v s t e x t u r e fibres i n t h e i n t e r n a l p l a n e ( a ) 

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

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

( 1 0 0 ) p l a n e š m e a s u r e d o n t h e s u r f a c e a n d i n t h e m i d d l e 
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steel vvithout tin and the steel vvith 0.05% tin. Softer 
magnetic orientations vvere found on the surface. Steel 
vvith 0 .05% Sn, vvhich had previously been aged 25 
hours at 550°C, shovved an inerease of (100) planeš par-
allel to the roiling direetion by three times, compared to 
the steel vvithout tin.36 

During annealing antimony and tin segregated at steel 
surface at temperatures T > 650°C. A strong correlation 
betvveen the antimony or tin surface segregation and the 
orientation of the grains at the sheet surface vvas estab-
lished. The maximum equilibrium Sb surface segregation 
of 0.6 monolayer vvas measured after annealing at 750°C 
on grains vvith the (111) crystallographic orientation in 
the sheet plane. The maximum equilibrium Sn segrega-
tion on the surface vvas reached also at 750°C and ap-
proached in the majority of orientations one monolayer. 

Grain boundary segregation of antimony and other 
solute elements, sueh as C, S, P, Al and Si vvere negligi-
ble in non oriented silicon steel vvith 0.05 and 0.1% Sb. 

Tin surface segregation vvas much higher than grain 
boundary segregation. At equil ibrium grain boundary 
segregation only 7 and 3% of tin atoms vvere found on a 
grain boundary for steel alloyed vvith 0.1 and 0.05% Sn, 
respectively. 

Ant imony as vvell as tin surface segregation de-
creased the surface energy of grains vvith (100) surface 
orientation in the sheet plane, and these grains grovv on 
account of grains vvith other surface crystallographic ori-
entations, sueh as (110) and (111). Only a certain level 
of surface segregation promoted selective grain grovvth. 
By excessive surface coverage of segregated atoms, the 
surface energy of ali orientations is not affected selec-
t i ve^ and no preferential grain grovvth is obtained. 

Textures represented as sections through three-di-
mensional orientation distribution space in fixed direc-
tions shovved that the volume fraction of magnetically 
soft grains inereased for three times in tin steel sheets 
vvhen compared to steel vvithout tin. Better textures vvere 
obtained near the surface than in the middle plane of 0.5 
mm thick steel sheet. The best results vvere obtained for 
steel alloyed vvith 0.05% Sn. It is concluded that only a 
certain level of segregation promoted the desired selec-
tive grain grovvth. 

The results of the present investigation support the 
hypothesis that the texture formation results from orien-
tation dependent effects of antimony and tin on the sur-
face energy. 
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