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Od neorientiranih elektro pločevin zahtevamo optimalne magnetne lastnosti, predvsem nizke vatne 
izgube. Te so odvisne od količine silicija (od 0.8 do 2.6% Si) in velikosti zrn. Vatne izgube z 
naraščajočo velikostjo zrn padajo. Raziskali smo vpliv površinsko aktivnih elementov selena in 
kositra na kinetiko rasti rekristaliziranih zrn. 
Za raziskavo smo uporabili trakove neorientirane elektro pločevine izdelane na Inštitutu za kovinske 
materiale in tehnologije. Iz enakih surovin sta bili izdelani dve jekli, prvo je vsebovalo mikrolegirni 
dodatek selena, drugo pa kositra. Primerjalno jeklo je imelo podobno kemično sestavo. 
Vzorce zlitin smo zarili v svinčevi kopeli pri različnih časih in temperaturah, da bi ugotovili vpliv 
temperature, časa in mikrolegirnih dodatkov na kinetiko rasti rekristaliziranih zrn. 

For nonoriented electrical sheets the optimal magnetic properties, particularly core losses are 
required. They depend upon the silicon content (from 0.8 to 2.6% Si) and grain size. With the 
increasing grains size, core losses decrease. In this paper the influence of surface active elements 
selenium and Tin on the kinetics of recrystallized grain grovvth was investigated. 
For the investigation, strips of nonoriented electrical sheets manufactured at Institute of Metals and 
Technologies were used. From the same raw materials two steels were produced, one microalloyed 
with selenium and other with Tin, while a comparing steel had similar chemical composition. 
The samples were heated in lead-bath at different temperatures for different length to find the 
influence of tirne, temperature and microalioying additions on kinetics of recrystallized grain growth. 

1 Uvod 

J e k l a z o k o l i 0 . 8 - 2 . 6 f / t S i s o n a m e n j e n a z a i z d e l a v o e l e k -
t r o p l o č e v i n e , k i se v g r a j u j e k o t g l a v n i m a t e r i a l v r a z l i č n e 
n a p r a v e : m o t o r j e , g e n e r a t o r j e , t r a n s f o r m a t o r j e ( 1 ) . E l e k -
t r o p l o č e v i n o i z d e l u j e j o v Ž e l e z a r n i J e s e n i c e s k o n t i n u i r n i m 
u l i v a n j e m j e k l a v h r a m e t e r d a l j e z v r o č i m in h l a d n i m v a l -
j a n j e m l e - t e h v t r a k ( 2 - 6 ) . 

O d d i n a m o j e k e l z a h t e v a m o d o b r e m a g n e t n e l a s t n o s t i , 
p r e d v s e m n i z k e v a t n e i z g u b e . T e s o m e d d r u g i m o d v i s n e o d 
k o l i č i n e s i l i c i j a , o d č i s t o s t i j e k l a t e r o d v e l i k o s t i z r n ( 7 - 1 2 ) . 
V a t n e i z g u b e s o o d v i s n e o d v e l i k o s t i z r n in n a m e n d e l a j e bi l 
r a z i s k a t i v p l i v m i k r o l e g i r a n i h d o d a t k o v S e in S n n a k i n e t i k o 
r e k r i s t a l i z a c i j e i n r a s t i r e k r i s t a l i z i r a n i h z r n v t e m p e r a t u r n e m 
o b m o č j u o d 6 7 5 d o 8 2 5 ° C . P r i č a k o v a l i s m o v p l i v t e h d v e h 
e l e m e n t o v , k e r s t a t a k o s e l e n k o t k o s i t e r p o v r š i n s k o a k -
t i v n a e l e m e n t a , k i s e g r e g i r a t a p o m e j a h k r i s t a l n i h z r n i n 
n a p o v r š i n o p l o č e v i n e p r i ž a r j e n j u z a r e k r i s t a l i z a c i j o in r a -
z o g l j i č e n j e . 

2 Eksper imenta lno delo 

A n a l i z e in p r e i s k a v e s m o i z v r š i l i n a t r a k o v i h iz e l e k t r o 
p l o č e v i n e i z d e l a n e n a I n š t i t u t u z a k o v i n s k e m a t e r i a l e in 
t e h n o l o g i j e v i n d u k c i j s k i p e č i . I z e n a k i h s u r o v i n s t a b i l i 
i z d e l a n i d v e j e k l i , p r v o j e v s e b o v a l o 0 . 0 4 0 % m i k r o l e g i r n e g a 

d o d a t k a s e l e n a , d r u g o 0 . 0 4 4 % - k o s i t r a t e r p r i m e r j a l n o j e k l o , 
k i j e b i l o b r e z t e h d v e h e l e m e n t o v . 

V z o r c e , k i s o b i l i i z r e z a n i iz h l a d n o v a l j a n i h t r a k o v , 
s m o z a r i l i v s v i n č e v i k o p e l i p r i r a z l i č n i h č a s i h 0 . 5 d o 6 0 
m i n u t in t e m p e r a t u r a h ( 6 7 5 - 8 2 5 ° C ) . N a t o s m o i z d e l a l i m e t -
a l o g r a f s k e o b r u s e , n a k a t e r i h s m o d o l o č i l i v e l i k o s t z r n p o 
m e t o d i m e r j e n j a p o v p r e č n e p o v r š i n e z r n , i z m e r i l i t r d o t o p o 
V i c k e r s u t e r u g o t o v i l i s t o p n j o r a z o g l j i č e n j a . 

3 Rezultati in diskusija 

3.1 Vpliv temperature in trajanja zarjenja na trdoto 

N a s l i k i 1 in 2 j e p r i k a z a n a o d v i s n o s t m e d t r a j a n j e m ž a r j e n j a 
in t r d o t o z a j e k l i s s e l e n o m i n k o s i t r o m . 

V j e k l u s s e l e n o m s e z n i ž a t r d o t a n a k o n s t a n t n o v r e d -
n o s t p r i n i ž j i h t e m p e r a t u r a h p o p r i b l i ž n o 3 m i n u t a h , v j e k l u 
s k o s i t r o m p o 5 m i n u t a h , k a r k a ž e n a p o č a s n e j š i p r o c e s 
p o p r a v e a l i r e k r i s t a l i z a c i j e v j e k l u s k o s i t r o m . P r i v i š j i h 
t e m p e r a t u r a h j e t r d o t a j e k l a v i š j a , k a r j e p o s l e d i c a r a z t a p l -
j a n j a c e m e n t i t a pr i ž a r j e n j u in p r e m e n e a v s t e n i t a v m a r t e n -
z i t pr i o h l a j a n j u , k i j e i z r e d n o h i t r o , k e r i m a m o t a n k o 
p l o č e v i n o . 
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Sl ika 1. Odvisnost m e d t ranjanjem žarjenja in trdoto pri temperaturah 
675, 700, 725, 7 5 0 ° C za jeklo mikrolegirano s selenom. 

Figure 1. Relat ionship between the hardness and the time of heating at 
the temperatures 675. 700, 725 and 7 5 0 ° C for selenium microalloyed 
steel. 

Slika 3. Vsebnost ogljika v odvisnosti od t ra janja žar jenja pri tem-
peraturah 675, 750, 775 in 8 2 5 ° C v jeklu z dodatkom selena. Vrisana 
je tudi krivulja razoglj ičenja za pr imer ja lno j ek lo brez mikrolegiranih 
dodatkov. 

Figure 3. Carbon eontent in dependence of the heating time at the 
temperatures: 675. 750, 775 and 8 2 5 ° C for selenium microalloyed 
steel. Decarburation curve for compar ing steel is also given in the 
diagram. 
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Sl ika 2. Odvisnost med trajanjem žarjenja in trdoto pri temperaturah 
675, 700, 725, 7 5 0 ° C za jeklo mikrolegirano s kositrom. 

Figure 2. Rela t ionship between the hardness and the heating time at 
the temperatures : 675, 700. 725 and 7 5 0 ° C for Tin microalloyed steel. 
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Sl ika 4. Vsebnost ogljika v odvisnosti od t ra janja žar jenja pri temper-
aturah 675, 750, 775 in 8 2 5 ° C v jeklu z dodatkom kositra. Vrisana je 
tudi krivulja razoglj ičenja za pr imer ja lno jeklo brez dodatka kositra. 

Figure 4. Carbon eontent in heating time dependence at temperatures: 
675, 750, 775 and 8 2 5 ° C for Tin microal loyed steel. The decarburat ion 
curve for comparing steel is also given. 

3.2 Kinetika razogljičenja 

H i t r o s t r a s t i r e k r i s t a l i z i r a n i h z r n j e o d v i s n a t u d i o d k o l i č i n e 
o g l j i k a , k i j e v t r d n i r a z t o p i n i . 

N a s l i k a h 3 i n 4 j e p r i k a z a n a v s e b n o s t o g l j i k a p o r a -
z l i č n i h č a s i h ž a r j e n j a z a j e k l a l e g i r a n a s s e l e n o m in k o s i t r o m 
t e r z a p r i m e r j a l n o j e k l o . 

P r i t e m p e r a t u r i 6 7 5 ° C r a z o g l j i č e n j a p r a k t i č n o n i , p o j a v i 
s e p r i 7 5 0 ° C i n v e č in t u d i tu j e p o č a s n o . K o n č n a s t o p n j a 
r a z o g l j i č e n j a p o 6 0 m i n u t n e m ž a r j e n j u p r i 8 2 5 ° C j e p r i v s e h 
t r e h j e k l i h p o d o b n a , l e d a j e k i n e t i k a p r o c e s a p r i j e k l i h s s e -
l e n o m in k o s i t r o m p o č a s n e j š a . N a j v e r j e t n e j š a r a z l a g a j e , d a 
s e l e n i n k o s i t e r z v i š u j e t a a k t i v n o s t o g l j i k a v f e r i t u . Z a r a d i 
p o v e č a n e a k t i v n o s t i j e z m a n j š a n a k o n c e n t r a c i j a o g l j i k a v 
t r d n i r a z t o p i n i i n m a n j š i j e g r a d i e n t k o n c e n t r a c i j e iz n o t r a n -
j o s t i p r o t i p o v r š i n i , k a r p o m e n i m a n j š i t o k a t o m o v o g l j i k a 
n a p o v r š i n o p l o č e v i n e in p o č a s n e j š e r a z o g l j i č e n j e . 

3.3 Kinetika rasti rekristaliziranih zrn 

N a s l i k i 5 i n 6 j e p r i k a z a n a o d v i s n o s t m e d t r a j a n j e m ž a r j e n j a 
in v e l i k o s t j o z m z a j e k l i s s e l e n o m i n k o s i t r o m v s e m i -
p a r a b o l i č n i h k o o r d i n a t a h . 

P r i j e k l u z d o d a t k o m s e l e n a v i d i m o , d a s e k r i v u l j e n a d 
7 5 0 ° C l o m i j o . K i n e t i k o r a s t i r e k r i s t a l i z i r a n i h z r n o p i s u j e t a 
d v e p a r a b o l i z o b l i k o e n a č b e : Vz = K\ + I\ptel/~, k j e r j e 
A ' i k o n s t a n t a , Kp p a p a r a b o l i č n a k o n s t a n t a r a s t i . V r e d n o s t i 
A"i in I \ „ s e p o p r e l o m u s p r e m e n i t a , h i t r o s t r a s t i s e z v e č a 
p r i 7 5 0 ° C , p r i v s e h o s t a l i h t e m p e r a t u r a h p a se z m a n j š a . P r i 
j e k l u s k o s i t r o m i m a m o e n a k o m e r n o p a r a b o l i č n o r a s t z m v 
v s e m č a s u ž a r j e n j a d o t e m p e r a t u r e 7 2 5 ° C . P r i d v e h n a j v i š j i h 
t e m p e r a t u r a h s e p a r a b o l i p r e l o m i t a i n r a s t z r n s e m o č n o 
p o s p e š i . T o č n e r a z l a g e z a n a g l o r a s t š e n i m a m o , v e r j e t n o j e 
z a r a d i r a z o g l j i č e n j a a l i z a r a d i i n t e r k r i s t a l n i h i z c e j a n j k o s i t r a . 
K o s m o p r i m e r j a l i o b e m i k r o l e g i r a n i j e k l i s p r i m e r j a l n i m 
j e k l o m , s m o o p a z i l i , d a s o p r i e n a k i h t e m p e r a t u r a h in č a s i h 
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Slika 5. Odvisnost med vel ikost jo zrn in t ra janjem žarjenja v semi-
paraboličnih koordinatah za j ek lo mikrolegirano s selenom. 

Figure S. Relat ionship between the grain size and the heating time in 
semiparabol ic co-ordinates for selenium microalloyed steel. 
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Slika 7. Odvisnost med recipročno temperaturo v K in naravnim 
logaritmom vrednosti konstante K p A in 

Figure 7. Relat ionship between absolute temperature and the loga-
rithm of I \ p A and Kpg constants. 
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Slika 6. Odvisnost med vel ikost jo zrn in t ra janjem žarjenja v semi-
paraboličnih koordinatah za j ek lo mikrolegirano s kositrom. 

Figure 6. Relat ionship betvveen the grain size and the heating time in 
semiparabolic co-ordinates for Tin microalloyed steel. 

ž a r j e n j a r e k r i s t a l i z i r a n a z r n a v j e k l i h s s e l e n o m al i k o s i t r o m 
m a n j š a k o t v p r i m e r j a l n e m j e k l u . T o k a ž e , d a s t a s e l e n in 
k o s i t e r i n h i b i t o r j a z a r a s t r e k r i s t a l i z i r a n i h z r n , d o k l e r s e n e 
s p r o ž i p r o c e s p o s p e š e n e r a s t i , k o t j e t o v i d n o v j e k l u s 
k o s i t r o m p r i n a j v i š j i h t e m p e r a t u r a h . 

3.4 Aklivacijska energija rasli rekristaliziranih zrn 

N a s l i k i 7 j e p r i k a z a n a o d v i s n o s t m e d r e c i p r o č n o t e m p e r -
a t u r o i n n a r a v n i m l o g a r i t m o m k o n s t a n t e I\pa in Kpb-

P r i t e m p r e d s t a v l j a / \ ' p A n a g i b k r i v u l j p r i k r a j š i h č a s i h 
ž a r j e n j a , I \ v b P<* p r i d a l j š i h č a s i h . 

A k t i v a c i j s k a e n e r g i j a p r o c e s a r a s t i r e k r i s t a l i z i r a n i h z r n 
j e p r i k r a t k i h č a s i h ž a r j e n j a p r a k t i č n o e n a k a v o b e h j e k l i h , 
p r i v i š j i h t e m p e r a t u r a h p a s t a n a v o l j o l e d v e t o č k i , t a k o d a 

iz v e č j e g a n a k l o n a l a h k o l e o c e n i m o , d a j e v e č j a a k t i v a c i -
j s k a e n e r g i j a . 

3.5 Mikrostruktura 

V h l a d n o d e f o r m i r a n e m j e k l u j e m i k r o s t r u k t u r a v j e k l u s 
s e l e n o m ( s l i k a 8 a ) , k o t t u d i v j e k l u s k o s i t r o m ( 8 b ) iz p o d o l -
g o v a t i h z r n f e r i t a , r a z p o t e g n j e n i h v s m e r i v a l j a n j a . 

V j e k l u s s e l e n o m s o p o 3 0 s e k u n d a h i n t u d i š e p o 2 
m i n u t a h ž a r j e n j a p r i 6 7 5 ° C m a j h n a n e r e k r i s t a l i z i r a n a z m a . 
Z r n a , k i p a s o ž e r e k r i s t a l i z i r a n a , n i s o p o l i g o n a l n e o b l i k e 
( s l i k a 9 a ) . 

Š e l e p o 6 0 m i n u t a h ž a r j e n j a o p a z i m o e n a k o m e r n a z r n a 
n o r m a l n e p o l i g o n a l n e o b l i k e ( s l i k a 9 b ) . Z r a s t j o t e m p e r a -
t u r e r e k r i s t a l i z a c i j e s e s p r e m i n j a s a m o v e l i k o s t z r n , o b l i k a 
i n e n a k o m e r n o s t p a o s t a j a t a k o n s t a n t n i , p r a v t a k o n i o p a z -
iti a n o r m a l n e r a s t i t u d i p r i n a j v i š j i h t e m p e r a t u r a h 8 0 0 i n 
8 2 5 ° C ( s l i k a 9 d ) . 

V j e k l u s k o s i t r o m j e p o 3 0 s e k u n d a h ž a r j e n j a š e p r e -
c e j š n j a k o l i č i n a n e r e k r i s t a l i z i r a n e k o v i n e ( s l i k a l O a ) , k i j o 
o p a z i m o t u d i š e p o 5 m i n u t a h ž a r j e n j a p r i 6 7 5 ° C . K o s i t e r 
j e m o č n e j š i i n h i b i t o r z a r a s t z m k o t s e l e n . Z n a r a š č a n j e m 
t e m p e r a t u r e se p o v e č u j e t a p o p r e č n a v e l i k o s t i n p o l i g o n a l -
n o s t z r n , p r i n a j d a l j š i h č a s i h ž a r j e n j a p r i 8 0 0 ° C i n 8 2 5 ° C 
p a o p a z i m o v m i k r o s t r u k t u r i ž e p o s a m i č n a z e l o v e l i k a z m a , 
z n a č i l n a z a p r o c e s a n o r m a l n e r a s t i ( s l i k a l O b ) . 

4 Zaključek 

V p l i v t e m p e r a t u r e ž a r j e n j a s m o u g o t a v l j a l i n a v z o r c i h 
ž a l j e n i h v t e m p e r a t u r n e m o b m o č j u o d 6 7 5 d o 8 2 5 ° C in 
č a s i h 3 0 s e k d o 6 0 m i n u t . U g o t o v i l i s m o , d a j e p r i 
n i z k i h t e m p e r a t u r a h v o b e h j e k l i h r a s t r e k r i s t a l i z i r a n i h z r n 
z e l o p o č a s n a in d a s o z r n a m a n j š a k o t v p r i m e r j a l n e m 
j e k l u b r e z d o d a t k o v . T o k a ž e , d a s t a s e l e n i n k o s i t e r i n -
h i b i t o r j a z a r a s t r e k r i s t a l i z i r a n i h z r n , d o k l e r s e n e s p r o ž i 
p r o c e s p o s p e š e n e a l i z m a n j š a n e h i t r o s t i r a s t i . K o t i n h i b i t o r 
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Slika 8. a) Mikrostruktura nežar jcnega jekla mikrolegiranega s selenom. 2 0 0 x . b) Mikrostruktura nežar jenega jekla mikrolegiranega s kositrom. 

2 0 0 x . 

Figure 8. a) Microstructure of cold rolled sheet microalloyed with selenium, 2 0 0 x . b) Microstracture of cold rolled sheet microal loyed vvith 

tin, 2 0 0 x . 
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Sl ika 9. Mikrostruktura jekla mikrolegiranega s selenom, a) Žar jeno pri 6 7 5 ° C . 2 min, 2 0 0 x ; b) Žar jeno pri 6 7 5 ° C , 60 min . 200 «; c) Žarjeno 

pri 8 0 0 ° C , 60 min, 2 0 0 x ; d) Žar jeno pri 8 2 5 ° C , 60 min. 1 0 0 x . 

Figure 9. Microstructure of selenium microalloyed steel. a) heated 2 minutes at 615°C. 2 0 0 x ; b) heated 60 minutes at 6 7 5 ° C , 200x ; c) heated 

6 0 minutes at 8 0 0 ° C , 2 0 0 x ; d) heated 60 minutes at 825°C, 100 / . . 



Slika 10. Mikrostruktura jekla mikrolegiranega s kositrom. a j Ž a r j e n o 
pn 6 7 5 ° C . 30 sek, 2 0 0 x ; b) Žar jeno pri 825°C , 60 min. 1 0 0 x . 

Figure 10. Microstructure of Tin microalloyed steel. a) heated 30 
seconds at 6 7 5 ° C . 2 0 0 x ; b) heated 60 minutes at X25°C, 1 0 0 x . 

v f a z i A , k o j e p r i k r a t k i h č a s i h ž a r j e n j a h i t r o s t r a s t i v e č j a , 
j e p r a k t i č n o e n a k a v o b e h j e k l i h . 
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j e b o l j u č i n k o v i t k o s i t e r . M e h a n i z e m i n h i b i c i j s k e g a d e l o -
v a n j a l a h k o r a z l o ž i m o z d v e m a h i p o t e z a m a : o b a e l e m e n t a 
z e l o h i t r o t v o r i t a v p r o c e s u ž a r j e n j a i n t e r k r i s t a l n e i z c e j e , 
k i z a v i r a j o m i g r a c i j o m e j , a l i p a j e v p l i v o b e h e l e m e n t o v 
v e z a n n a d a l j š o p r i s o t n o s t v e č j e k o l i č i n e o g l j i k a v j e k l u m e d 
ž a r j e n j e n t . 

P r i ž a r j e n j u p r i v i š j i h t e m p e r a t u r a h se v j e k l u s s e -
l e n o m n a d a l j u j e n o r m a l n a r a s t r e k r i s t a l i z i r a n i h z r n v s e d o 
n a j v i š j e t e m p e r a t u r e , k o j e m i k r o s t r u k t u r a s e s t a v l j e n a iz 
e n a k o m e r n i h p o l i g o n a l n i h z r n . V j e k l u s k o s i t r o m p a 
s e n a m n a d k r i t i č n o t e m p e r a t u r o 8 0 0 ° C p o 6 0 m i n u t n e m 
ž a r j e n j u p o j a v i a n o r m a l n a r a s t z r n z a k a t e r o j e z n a č i l n o , d a 
p o s a m e z n a z r n a i z r e d n o h i t r o z r a s t e j o t e r d o b i m o m e š a n i c o 
m a j h n i h in v e l i k i h z r n . 

P r i ž a r j e n j u v s v i n č e v i k o p e l i j e p r i š l o d o r a z o g l j i č e n j a , 
v e n d a r j e b i l o r a z o g l j i č e n j e p r e m a j h n o , d a bi s p r o ž i l o v s e s -
p l o š n o in z e l o h i t r o r a s t z r n . T o l a h k o r a z l o ž i m o z d e j s t v o m , 
d a s t a s e l e n i n k o s i t e r e l e m e n t a , k i z a v i r a t a r a z t a p l j a n j e c e -
m e n t i t a in s t e m u s t v a r j a t a m a n j š i g r a d i e n t iz n o t r a n j o s t i 
p r o t i p o v r š i n i p l o č e v i n e , k a r p o v z r o č a m a n j š i t o k a t o m o v 
o g l j i k a n a p o v r š i n o v z o r c a in p o č a s n e j š e r a z o g l j i č e n j e . 

A k t i v a c i j s k a e n e r g i j a p r o c e s a r a s t i r e k r i s t a l i z i r a n i h z r n 


