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V članku izhajamo iz binarnega sistema CaO - A I, O,, t/ katerem so razvidne velike razlike v 
temperaturah tališč posameznih faz. Pri temperaturah obdelave tekočega jekla s kalcijem med 
155CPC in 165CPC je tekoča le faza v območju 12CaO • 7AI203. Za študij obnašanja kalcija in 
njegovega vpliva na reakcije v jeklu smo podali odvisnost med kalcijem, kisikom oziroma aluminijem 
in po drugi strani tudi žveplom ter ravnotežjem s posameznimi fazami v sistemu CaO - Al20,. 
Termodinamične zakonitosti smo aplicirali na praktične izkušnje, kjer smo po dezoksidaciji z 
aluminijem in potrebni homogenizaciji izmerili aktivnost kisika in temperaturo taline jekla in nato jeklo 
obdelali z zlitino CaSi z metodo streljanja. S tem smo dejansko omogočili izračun oziroma kontrolo 
uspešnosti modifikacije. 

In this paper we start from the binary system CaO - Al203, where we can see big differences 
between temperatures of the melting points of phases. By temperatures, where we treat steel with 
calcium, is 12CaO • 7AIŽ O, the only liquid phase, these temperatures are between 1550'C and 
165CP C. For the study of the behaviour of calcium and its influence on the reactions in steel, we 
presented the relations between calcium, oxygen and aluminium and on the other side also sulphur 
and the equilibrium with phases in system CaO - Al203. Thermodynamic relations are applied on 
practical experiences, where we measured the oxygen activity after dezoxidation with aluminium and 
necessary homogenization and then treated steel with shooting of CaSi alloy. With this procedure 
we enabled the control of the efficiency of the modification. 

1 Uvod 

R a z m i š l j a n j a o m o d i f i k a c i j i n e k o v i n s k i h v k l j u č k o v s k a l c i -
j e v i m i z l i t i n a m i b o m o s k u š a l i a p l i c i r a t i s p r a k t i č n i m i 
i z k u š n j a m i in r e z u l t a t i n a n e k a t e r i h k o n s t r u k c i j s k i h j e k l i h , 
k j e r j e s t r e l j a n j e o p l a š č e n e ž i c e s C a S i s k o r a j n e i z o g i b n o . 
P r o b l e m j e v e d n o z a g o t o v i t i o p t i m a l n o k o l i č i n o k a l c i j a z a 
k o n s t a n t n e i n r e p r o d u k t i v n e p o g o j e z a u s p e š e n p o t e k m o d -
i f i k a c i j e , k e r s e v j e k l u , k i v s e b u j e p r e v e č k a l c i j a t v o r i j o 
C a O v k l j u č k i z v i š j i m t a l i š č e m , p r i p r e n i z k i h v s e b n o s t i h 
k a l c i j a p a n e p r i d e d o z a d o s t n e m o d i f i k a c i j e t r d n i h a l u -
m i n a t n i h v k l j u č k o v v t e k o č e k o m p l e k s n e k a l c i j - a l u m i n a t n e 
v k l j u č k e . 

2 Osnovni t ermodinamičn i podatki 

Pr i a n a l i z i v k l j u č k o v v s i s t e m u C a O — A I 2 O 3 v j e k l i h p o m i r -
j e n i h z a l u m i n i j e m in k a s n e j e v j e k l i h o b d e l a n i h s k a l c i j e m , 
s m o i z h a j a l i i z p r e d p o s t a v k e , d a j e c i l j d o b i t i t e k o č e k o m -
p l e k s n e v k l j u č k e d i k a l c i j e v e g a a l u m i n a t a , o z i r o m a z a g o -
t o v i t i s e s t a v o t e h v k l j u č k o v v o b m o č j u t e k o č i h m o d i f i c i -
r a n i h v k l j u č k o v . C i l j j e z a g o t o v i t i k o n t r o l o d e z o k s i d a c i j e s 
s i s t e m o m , v k a t e r e m l a h k o a n a l i z o t e k o č e g a j e k l a p r i m e r -
j a m o z o d g o v a r j a j o č i m r a v n o t e ž j e m s e s t a v e v k l j u č k o v in 
p r i t e m u p o r a b i m o š e m e r j e n j e t e m p e r a t u r e i n p o d a t k e o 
a k t i v n o s t i k i s i k a . S p o m o č j o u s t r e z n i h t e r m o d i n a m i č n i h 
p r e d p o s t a v k ( a k t i v n o s t i C a O o z . A I 2 O 3 ) l a h k o n a t a n a č i n 
v p e l j e m o k o n t r o l o p r e d h o d n e d e z o k s i d a c i j e z a l u m i n i j e m in 
k a s n e j š o o b d e l a v o s k a l c i j e m . 

I z h a j a m o iz b i n a r n e g a s i s t e m a C a O — A I 2 O 3 , k i j e 
p r i k a z a n n a s l i k i 1 in j e v l i t e r a t u r i d o b r o p o z n a n in p o -
d r o b n o o p i s a n 1 . 

Iz s l i k e 1 s o r a z v i d n e v e l i k e r a z l i k e v t e m p e r a t u r a h t a l i š č 
p o s a m e z n i h f a z in p r i t e m p e r a t u r a h o b d e l a v e t e k o č e g a j e k l a 
s k a l c i j e m m e d 1 5 5 0 ° C in 1 6 5 0 ° C j e t e k o č a l e f a z a 1 2 C a O -
7 A 1 2 0 3 . 

P r e d d o d a t k o m k a l c i j a i m a m o v j e k l u , p r a v i l n o p o m i r -
j e n e m z A l p r i s o t n e le t r d n e v k l j u č k e A I 2 O 3 in z d o d a j a n j e m 
k a l c i j a s e p r i č n e j o t v o r i t i n o v e f a z e . Z a v s a k o o d v m e s n i h 
f a z p o s i s t e m u C a O — A I 2 O 3 s o z n a č i l n e r a z l i č n e , a v m e d -
s e b o j n i o d v i s n o s t i r a z l i č n e a k t i v n o s t i C a O — A 1 2 O j , k i s o 
p o d a n e v t a b e l i 1. 

Tabela 1. Aktivnosti CaO in Al2o3 za posamezna področja v binarnem 
sistemu CaO - AljOj. 

R a v n o t e ž j e n a f a z n i m e j i " C a O a AI2O3 

C/L 1 . 0 0 0 0 . 0 1 7 

1 2 C • 7 / 1 0 . 3 4 0 . 0 6 4 

L/C-A 0 . 1 5 0 0 . 2 7 5 

C • A/C • 2A 0 . 1 0 0 0 . 4 1 4 

C2A/C•6A 0 . 0 4 3 0 . 6 3 1 

C•6A/A 0 . 0 0 3 1 . 0 0 0 
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p n c e n t e r j e 

i z s i s t e m a C a O — A b O j , k i s o p o d a n a v t a b e l i 1, d o b i m o 
z a t e m p e r a t u r e 1 6 0 0 ° ~ C ( 1 8 7 3 K ) , o d v i s n o s t i g r a f i č n o p r e d -
s t a v l j e n e n a s l i k i 2 . K r i v u l j e p r e d s t a v l j a j o r a v n o t e ž j a A l — O 
n a f a z n i m e j i z a p o s a m e z n a p o d r o č j a . O b m o č j e t e k o č i h 
v k l j u č k o v j e m e d k r i v u l j a m a , k i o z n a č u j e t a r a v n o t e ž j i m e d 
C / L i n / . / C a O • A 1 2 0 3 . 

0 . 0 0 2 5 

12CaO 7Al2C>3 CaO 2Al2C>3 

U t . 7 . 

Sl ika I . Binarni s is tem CaO — AI :OJ. 

F igu re 1. B ina ry sys tem CaO - Al;Oj. 

Z a š t u d i j o b n a š a n j a k a l c i j a i n n j e g o v e g a v p l i v a n a r e a k -
c i j e v j e k l u j e p o t r e b n o p o z n a t i o d v i s n o s t m e d k a l c i j e m , 
k i s i k o m o z i r o m a a l u m i n i j e m i n p o d r u g i s t r a n i ž v e p l o m t e r 
r a v n o t e ž j e m s p o s a m e z n i m i f a z a m i v s i s t e m u C a O — A 1 ? 0 ? . 
Č e v e m o , d a i g r a o d l o č i l n o v l o g o p r i t e h r e a k c i j a h le k a l c i j 
r a z t o p l j e n v j e k l u , u p o š t e v a m o e n a č b e : 

[ C a ] + [ 0 ] = ( C a O ) i n ( 1 ) 

I g K c a O = l g ( f l O • o c a / o c a o ) = 

= - 2 5 6 5 5 / 7 + 7 . 6 ! ) r e f . 2 ( 2 ) 

[ C a ] + [S] = ( C a S ) i n ( 3 ) 

l g A V a S = ' g ( « S ' flCa/flCaS) = 

= - 2 8 3 0 0 / 7 + 1 0 . 1 1 r e f 2 ( 4 ) 

P o t r e b n i k i s i k z a r e a k c i j o ( 1 ) j e l a h k o v o b l i k i r a z t o -
p l j e n e g a k i s i k a v j e k l u a l i v e z a n n a r a z n e o k s i d e . V j e k l i h 
p o m i r j e n i h z a l u m i n i j e m j e v s e b n o s t k i s i k a p r e d o b d e l a v o 
s k a l c i j e m d o l o č e n a z o d v i s n o s t j o : 

0.01 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6 0 ,07 

U t e ž n i %> Al 

Sl ika 2. Ravno tež j e Al — o pri 1 6 0 0 " C na fazni mej i za p o s a m e z n a 

področ ja . 

Figure 2. Equi l ibr ium M — o at 1 6 0 0 ° C on phase b o r d e r for d i f fe rent 

regions . 

P r i a k t i v n o s t i a l u m i n i j a 0 . 0 2 % d o b i m o t e k o č e v k l j u č k e 
p r i 1 6 0 0 ° C m e d 2 . 6 i n 6 . 7 p p m a k t i v n o s t i k i s i k a . J a s n o 
j e , d a p r i n i ž j i h t e m p e r a t u r a h d o b i m o t e k o č e v k l j u č k e p r i 
u s t r e z n o n i ž j i h o b m o č j i h a k t i v n o s t i k i s i k a i n p r i v i š j i h t e m -
p e r a t u r a h p r i u s t r e z n o v i š j i h o b m o č j i h a k t i v n o s t i k i s i k a . G r e 
t o r e j z a d e j s t v o , d a l a h k o p r i d o l o č e n i v s e b n o s t i a l u m i n i j a v 
j e k l u d o b i m o o z . u s t v a r i m o z o b d e l a v o s k a l c i j e m p o g o j e z a 
t e k o č e v k l j u č k e l e p r i z e l o d e f i n i r a n e m o b m o č j u a k t i v n o s t i 
k i s i k a . P o d r u g i s t r a n i p a j e z a o b m o č j e t e k o č i h v k l j u č k o v 
j a s e n i z r e d e n v p l i v t e m p e r a t u r e , k a r v i d i m o n a s l i k i 3 . 

0 . 0 0 2 5 r 
L / C A - 1 8 2 3 

L / C A - 1 8 7 3 

L/C A - 1 9 2 3 

C / L - 1 8 2 3 

C / L - 1 8 7 3 

C / L - 1 9 2 3 

1 / , , , 6 1 3 0 4 i n o „ 
; « 0 = I l g « A l . C ) . - 2 l g «A1 Y 2 ( 1 

2.1 Aplikacija aktivnosti CaO in A h O i v Fe — Al - Ca -
O — S sistem 

M e d s e b o j n e o d v i s n o s t i v s e b n o s t i o z . a k t i v n o s t i k i s i k a in 

v s e b n o s t i o z . a k t i v n o s t i a l u m i n i j a v j e k l u s o d o l o č e v a l i p o 

e n a č b a h ( 5 ) i n ( 6 ) 4 . Č e v t e o d v i s n o s t i s e d a j a p l i c i r a m o 

r a z l i č n e a k t i v n o s t i A h O i z a p o s a m e z n a l a ž n a r a v n o t e ž j a 

0.01 0 . 0 2 0 . 0 3 0 . 0 4 0 , 0 5 0 . 0 6 0 ,07 
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Sl ika 3. Vpliv različnih t e m p e r a t u r na r a v n o t e ž j e Al - o za o b m o č j e 

tekočih vkl jučkov. 

FMgure 3. The ef fec t of d i f fe ren t t empe ra tu r e s on the equ i l ib r ium A l - o 

for a region of liquid inc lus ions . 

Z z d r u ž e n j e m e n a č b ( 1 ) i n ( 5 ) l a h k o i z r a č u n a m o k a l c i -



F. T e h o v n i k , B . K o r o u š i č , V. P r e š e r n : O p t i m i z a c i j a m o d i f i k a c i j e n e k o v i n s k i h v k l j u č k o v v j e k l i h o b d e l a n i h s C a 

j e v o a k t i v n o s t v F e — A l — C a s i s t e m u i n s i c e r : 

I g " C a = I g «A1 + 2 I g 0 0 + l g «CaO ~ 

3 5 6 4 9 \ 
- l g « A i 2 o , + — 1 2 . 7 2 J ( 8 ) 

O d v i s n o s t m e d a k t i v n o s t j o a l u m i n i j a i n k a l c i j a v j e k l i h 
p r i k a z u j e m o n a s l i k i 4. P o v e z a v a j e i z d e l a n a s p o m o č j o 
o d v i s n o s t i k i s i k a z. a l u m i n i j e m ( e n a č b a 5 ) i n k i s i k a s k a l c i -
j e m ( e n a č b a 1). R a v n o t e ž j e p r i k a z u j e m o n a f a z n i m e j i 
C a O / L i n z a t e k o č i v k l j u č e k s e s t a v e 1 2 C a O • 7 A l 2 0 v 
R a z v i d n o je , d a p o t r e b u j e j o z a m o d i f i k a c i j o č i s t i h a l u m i -
n a t n i h v k l j u č k o v d o o p t i m a l n e s e s t a v e 1 2 C a O • 7 A 1 2 0 , 
s o r a z m e r n o m a j h n e k o l i č i n e k a l c i j a , d a p o t r e b u j e j o p r i 
v i š j i h t e m p e r a t u r a h v e č j e v s e b n o s t i k a l c i j a , d a p a t u d i v 
p r i m e r u v e č j i h k o l i č i n k a l c i j a š e v e d n o o s t a j a m o v t e k o č e m 
o b m o č j u . 

O 1 1 1 1 1 1 1 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Aktivnost Al (ut 7„) 

Sl ika 4. R a v n o t e ž j e Al - o - Ca pn 1 6 0 0 ° C na fazni meji CM/L in 
i : i ' a O • 7Al;Ot. 

F igure 4. F,quilibrium Al - o - Ca at 1 6 0 0 ° C on a phase border Cao/L 
and 12CaO • - \ ] ; 0 , . 

J e k l o o b d e l a n o s k a l c i j e m v s e b u j e v e č a l i m a n j ž v e p l a . 
R e a k c i j a m e d ž v e p l o m i n k a l c i j e m j e z e l o i n t e n z i v n a i n z a t o 
m o r a m o u p o š t e v a t i v s i s t e m u C a — A l — O — F e š e ž v e p l o . S 
k o m b i n i r a n o e n a č b o ( 1 ) , ( 3 ) in ( 5 ) l a h k o d o l o č i m o a k t i v n o s t 
ž v e p l a , 

l g O s = ( - 2 l g a o - 2 l g (I Al - I g OCaO + l g «CaS + 

+ l g « A i : o , - 6 3 9 4 9 / T + 2 2 . 8 3 ) , ( 9 ) 

p r i č e m e r p r i v z a m e m o , d a j e a k t i v n o s t C a S = 1. Iz. d i -
a g r a m a n a s l i k i 5 j e r a z v i d n o , d a p r i d o l o č e n i v s e b n o s t i 
a l u m i n i j a v j e k l u i n k o n s t a n t n i t e m p e r a t u r i o b s t a j a n e k a m i -
n i m a l n a i n m a k s i m a l n a v s e b n o s t ž v e p l a v o b m o č j u t e k o č i h 
k o m p l e k s n i h v k l j u č k o v m e d f a z n i m a m e j a m a C a O / L i n 
F . / C a O A L O i . IZ s l i k e je r a z v i d n a m i n i m a l n a p o t r e b n a 
k o l i č i n a ž v e p l a , d a p r i d e d o i z l o č a n j a k a l c i j e v e g a s u l f i d a 
i s t o č a s n o z o d g o v a r j a j o č i m i f a z a m i k a l c i j e v i h a l u m i n a t o v . 
I z l o č a n j e č i s t e g a k a l c i j e v e g a s u l f i d a p r e p r e č i m o v j e k l i h , ki 
j i h o b d e l u j e m o s k a l c i j e m t u d i v t a l i n a h s s o r a z m e r n o v i -
s o k i m i v s e b n o s t m i ž v e p l a , č e j e z a d o s t i m a j h n a v s e b n o s t 
t o p n e g a a l u m i n i j a i n č e j e k o l i č i n a d o d a n e g a k a l c i j a t a k š n a , 
d a p r i d e d o t v o r b e t e k o č i h a l u m i n a t n i h v k l j u č k o v . 

3 Praktične izkušnje pri uporabi teoretičnega termod-
inamičnega modela 

P r i k a z a l i b o m o p r i m e r e u p o r a b e m o d e l a , k j e r s m o p o d e -
z o k s i d a c i j i z a l u m i n i j e m i n p o t r e b n i h o m o g e n i z a c i j i i z m e r i l i 
a k t i v n o s t k i s i k a i n t e m p e r a t u r o t a l i n e j e k l a i n n a d a l j e j e k l o 
o b d e l a l i z z l i t i n o C a S i z. m e t o d o s t r e l j a n j a . P r i m e r i z a s l e -
d o v a n i h š a r ž s o p o d a n i v t a b e l i 2 . 

Z a o c e n o t e h n o l o g i j e k o n t r o l e k i s i k a i n a l u m i n i j a p r i 
i z d e l a v i j e k e l v Ž e l e z a r n i Š t o r e s m o i z d e l a l i š t e v i l n e m e r i t -
v e s k i s i k o v o s o n d o p r e d o b d e l a v o j e k l a s k a l c i j e m . T r e b a 
j e p o u d a r i t i , d a j e m e t o d a s t r e l j a n j a p r i n e s l a š t e v i l n e s p r e -
m e m b e , k i s e k a ž e j o p r e d v s e m v n a č i n u p r e d d e z o k s i d a c i j e 
j e k l a , k e r l a h k o k o r e k t u r o a l u m i n i j a i z v r š i m o t i k p r e d o b -
d e l a v o s C a S i z A l - ž i c o . T o p a n a m o m o g o č a j o e d i n o m e -
r i t v e a k t i v n e g a k i s i k a s k i s i k o v o s o n d o , k i s m o j i h i z v r š i l i 
s k i s i k o v o s o n d o F O X - F T ( ) 5 f i r m e F e r r o t r o n . 

S l i k a 6 p r e d s t a v l j a m a t e m a t i č n o r e l a c i j o , k i j e e n a o d 
p r i b l i ž k o v p r i u p o r a b i p a t r o n e C E L O X z a i z r a č u n a v a n j e a k -
t i v n o s t i k i s i k a iz i z m e r j e n i h v r e d n o s t i E M K i n p o v p r e č n e 
t e m p e r a t u r e 1 6 2 5 ° C p r e d o b d e l a v o s C a S i z. v n e š e n i m i 
v r e d n o s t m i a k t i v n e g a k i s i k a p r i p o s a m e z n i h š a r ž a h . 
M a t e m a t i č n a r e l a c i j a z a s o n d o C E L O X j e p o d a n a s s l e d e č o 
e n a č b o ' : 

l g OO(ppm) 

= ( 1 . 3 6 + 0 . 0 0 5 9 £ ( m V ) + 0 . 5 4 ( < ° - 1 5 5 0 ) + 

+ 2 • \()~4 E(mW)(t° - 1 5 5 0 ) , ( 1 0 ) 

p r i č e m e r j e : 

E e l e k t r o m o t o r s k a n a p e t o s t v m V 

t ° t e m p . v ° C 

S l i k a 7 p r i k a z u j e v r e d n o s t i a k t i v n e g a k i s i k a , k i s m o j i h 
i z m e r i l i p r i p o s a m e z n i h s a r ž a h p o s t r e l j a n j u C a S i v t a l i n o 
j e k l a ( p o v p r e č n a t e m p e r a t u r a m e r i t e v j e 1 8 6 7 K ) v p r i m e r -
j a v i z, r a v n o t e ž j e m a l u m i n i j - k i s i k z a o b m o č j e " t e k o č e g a 
o k n a " C / L i n L/C • A. P r a k t i č n o v s e s a r ž e s e n a h a -
j a j o v o b m o č j u t e k o č n o s t i n e k o v i n s k i h v k l j u č k o v . V e n -
d a r n a d a l n j a a n a l i z a l i v n o s t i n a k o n t i n u i r n i n a p r a v i k a ž e , 
d a j e p r i p o s a m e z n i h s a r ž a h p r i š l o d o m a š e n j a i z l i v k a i z 
l i v n e p o n o v c e . Z a r a d i t e g a s o b o d i s i , z a p r l i e n o ž i l o , k e r j e 

C/L 
•o 12C-7A 
•x L/C-A 
a C A / C - 2A 

0.01 0.02 0.03 0.04 0,05 

Aktivnost Al (ut 0 / . ) 

Sl ika 5. Ravnotež je Al - o - c» - s pri 1600° C za o b m o č j e tekočih 
vkl jučkov. 

Figure 5. F.quilibrium Al - o - e a - s at 1 6 0 0 ° C f o r a region of liquid 
inclusions. 



Tabela 2. Pregled zasledovanih šarž v Železarni Štore . 

Š t e v . K v a l i t e t a K e m i j s k a a n a l i z a i z d e l a n e g a j e k l a 

š a r ž e 

Ž e l . C S i M n P S C r Nt M o A l 

Š t o r e (%) (%) (%) (%) (%) (%) (%) (%) (%) 
1 2 5 1 2 C . 1 2 2 1 0 . 1 4 0 . 2 2 0 . 5 1 0 . 0 1 5 0 . 0 1 7 0 . 1 1 0 . 1 1 0 . 0 2 0 . 0 0 9 

1 2 5 1 3 C . 1 2 2 1 0 . 1 6 0 . 2 2 0 . 5 9 0 . 0 1 2 0 . 0 1 2 0 . 1 2 0 . 1 3 0 . 0 3 0 . 0 1 4 

2 3 8 2 2 Č l 2 2 1 0 . 1 2 0 . 2 0 . 5 3 0 . 0 1 5 0 . 0 0 4 0 . 1 2 0 . 0 9 0 . 0 2 0 . 0 2 5 

2 3 9 3 6 C . 4 8 3 5 0 . 3 1 0 . 3 0 . 4 9 0 . 0 1 4 0 . 0 0 4 0 . 4 9 0 . 1 2 0 . 0 2 0 . 0 2 

2 3 9 3 8 Č . 4 8 3 5 0 . 3 4 0 . 2 3 0 . 5 6 0 . 0 1 6 0 . 0 0 9 0 . 5 3 0 . 1 4 0 . 0 3 0 . 0 1 7 

2 3 9 4 2 Č . 4 8 3 5 0 . 3 3 0 . 3 0 . 5 6 0 . 0 1 3 0 . 0 0 5 0 . 4 4 0 . 1 3 0 . 0 3 0 . 0 3 2 

2 3 9 4 3 Č . 4 8 3 5 0 . 3 2 0 . 3 0 . 5 1 0 . 0 1 6 0 . 0 0 7 0 . 5 4 0 . 0 9 0 . 0 2 0 . 0 3 6 

1 3 2 9 3 Č . 0 5 6 2 0 . 1 8 0 . 3 7 1 . 3 4 0 . 0 1 4 0 . 0 0 8 0 . 1 4 0 . 1 5 0 . 0 3 0 . 0 3 6 

1 3 2 9 8 Č . 0 5 6 2 S 0 . 2 0 . 3 8 1 . 2 3 0 . 0 1 1 0 . 0 2 9 0 . 1 4 0 . 1 1 0 . 0 2 0 . 0 3 5 

2 4 7 3 8 Č . 0 5 6 2 0 . 1 9 0 . 4 1 . 2 2 0 . 0 1 6 0 . 0 1 0 . 1 7 0 . 1 6 0 . 0 2 0 . 0 3 4 

1 3 2 9 4 Č . 1 7 3 1 0 . 6 1 0 . 3 7 0 . 6 3 0 . 0 0 5 0 . 0 0 7 0 . 1 5 0 . 1 3 0 . 0 3 0 . 0 3 x 

1 3 2 9 5 Č . 1 5 3 1 0 . 4 6 0 . 3 3 0 . 5 8 0 . 0 0 7 0 . 0 2 2 0 . 1 4 0 . 1 2 0 . 0 2 0 . 0 3 4 x 

1 3 2 9 9 Č . 1 5 3 1 0 . 4 8 0 . 3 5 0 . 6 9 0 . 0 1 3 0 . 0 0 8 0 . 1 6 0 . 1 6 0 . 0 3 0 . 0 2 5 

1 3 3 1 7 Č . 1 5 3 1 S 0 . 4 0 . 2 8 0 . 6 7 0 . 0 1 3 0 . 0 1 4 0 . 1 3 0 . 1 0 . 0 2 0 . 0 1 7 

1 3 3 2 3 Č . 1 5 3 1 0 . 4 8 0 . 3 1 0 . 7 0 . 0 2 0 . 0 0 7 0 . 2 3 0 . 1 2 0 . 0 2 0 . 0 1 8 

2 4 7 3 4 Č . 1 5 3 1 s 0 . 4 5 0 . 3 7 0 . 5 6 0 . 0 0 5 0 . 0 2 9 0 . 1 6 0 . 1 2 0 . 0 2 0 . 0 3 8 x 

2 4 7 3 9 Č . 1 5 3 1 0 . 4 4 0 . 3 0 . 6 2 0 . 0 0 9 0 . 0 0 7 0 . 1 5 0 . 1 4 0 . 0 3 0 . 0 2 2 

2 4 7 4 5 Č . 1 5 3 1 0 . 4 5 0 . 3 3 0 . 5 6 0 . 0 0 8 0 . 0 0 7 0 . 1 8 0 . 1 5 0 . 0 3 0 . 0 2 9 

2 4 7 6 1 Č . 1 5 3 1 0 . 4 5 0 . 3 0 . 5 8 0 . 0 1 3 0 . 0 1 3 0 . 1 6 0 . 1 1 0 . 0 2 0 . 0 4 3 

2 4 7 6 7 Č . 1 5 3 1 0 . 4 4 0 . 3 1 0 . 6 3 0 . 0 0 9 0 . 0 0 6 0 . 1 6 0 . 1 1 0 . 0 2 0 . 0 3 2 

2 4 7 7 4 Č . 1 5 3 1 0 . 4 5 0 . 3 1 0 . 6 6 0 . 0 0 7 0 . 0 2 7 0 . 1 5 0 . 1 2 0 . 0 4 0 . 0 2 8 x 

2 4 7 8 0 Č . 1 5 3 1 0 . 4 8 0 . 2 1 0 . 5 9 0 . 0 1 2 0 . 0 1 0 . 1 6 0 . 1 4 0 . 0 2 0 . 0 2 7 

2 4 7 8 2 Č . 1 5 3 1 s 0 . 4 8 0 . 3 0 . 6 5 0 . 0 0 9 0 . 0 2 4 0 . 1 0 . 0 8 0 . 0 2 0 . 0 3 1 x 

1 3 3 1 3 Č . 1 4 3 1 0 . 3 3 0 . 3 4 0 . 5 9 0 . 0 0 9 0 . 0 0 6 0 . 1 9 0 . 1 7 0 . 0 3 0 . 0 3 2 

2 4 7 5 5 Č . 1 4 3 1 0 . 3 7 0 . 3 2 0 . 5 9 0 . 0 1 0 . 0 0 9 0 . 1 7 0 . 1 3 0 . 0 3 0 . 0 3 4 

2 4 7 5 6 Č . 1 4 3 1 s 0 . 3 4 0 . 2 6 0 . 6 5 0 . 0 1 7 0 . 0 2 4 0 . 1 5 0 . 1 2 0 . 0 2 0 . 0 2 4 

1 3 3 3 3 Č . 4 3 2 0 s 0 . 1 5 0 . 2 9 1 . 0 4 0 . 0 1 2 0 . 0 3 4 0 . 8 9 0 . 1 4 0 . 0 2 0 . 0 3 4 x 

1 3 3 3 8 Č . 1 2 2 1 0 . 1 5 0 . 2 1 0 . 7 0 . 0 1 2 0 . 0 0 8 0 . 1 4 0 . 1 5 0 . 0 3 0 . 0 1 4 

2 4 7 9 9 Č . 0 5 5 1 0 . 2 2 0 . 4 2 1 . 0 9 0 . 0 1 7 0 . 0 0 7 0 . 1 3 0 . 1 1 0 0 2 0 . 0 1 2 

b i l d o t o k t a l i n e p r e n i z e k a l i c e l o n a p r e j v l i v a l i b r e z z a š č i t e 
c u r k a . 

D o d a t e k C a S i z. m e t o d o s t r e l j a n j a j e b i l m e d 0 . 4 i n 0 . 5 
k g / t j e k l a . N a p o d l a g i p r a k t i č n i h r e z u l t a t o v j e i z k o r i s t e k " 
p r i d o d a j a n j u C a S i m e d 1 5 % in 2 5 % , u p o š t e v a le k a l c i j 
t o p e n v j e k l u i n v o b l i k i v k l j u č k o v , k i o s t a n e j o v j e k l u . 
P o m e m b n a j e p r e d v s e m t i s t a k o l i č i n a k a l c i j a , ki j e p o t r e b n a 
z a m o d i f i k a c i j o a l u m i n a t n i h v k l j u č k o v v j e k l u p o m i r j e n e m 
z a l u m i n i j e m . K o l i č i n o t e g a k a l c i j a d o l o č i m o s p o m o č j o 
a n a l i z e n e t o p n e g a a l u m i n i j a v j e k l u , k j e r s o r a z l i k e m e d 
s k u p n i m i n t o p n i m a l u m i n i j e m m e d 2 0 i n 5 0 p p m . I z r a č u n 
z a v s e b n o s t n e t o p n e g a a l u m i n i j a 4 0 p p m k a ž e , d a p o t r e b u -
j e m o z a m o d i f i k a c i j o 0 . 0 2 k g C a / t o z i r o m a 0 . 0 7 k g C a S i / t 
j e k l a . M a š e n j e i z l i v k a p r i n e k a t e r i h š a r ž a h j e v e r j e t n o 
p o s l e d i c a s e k u n d a r n i h r e a k c i j m e d j e k l o m i n o b z i d a v o , 
p r e d v s e m p a j e v e r j e t n o p o s l e d i c a r e o k s i d a c i j e c u r k a j e k l a 
z a r a d i n a s e s a v a n j e z r a k a v i z l i v c k l i v n e p o n o v c e . L a h k o p a 
r e č e m o , k a r j e r a z v i d n o i z t a b e l e 2 ( o z n a č e n o z x ) , d a j e 
p r i š l o d o m a š e n j a i z l i v k a p r e d v s e m p r i š a r ž a h , k i s o i m e l e 
s o r a z m e r n o v i š j e v s e b n o s t i a l u m i n i j a o b i s t o č a s n i v i s o k i 
k o n č n i v s e b n o s t i ž v e p l a ( j e k l a z g a r a n t i r a n i m ž v e p l o m ) . 

Ž v e p l o s o s t r e l j a l i p o d o d a t k u C a S i v j e k l o . S k l e p a m o o 
p r c b i t n i k o l i č i n i k a l c i j a . 

P r i k a z a l i b o m o p r i m e r u p o r a b e m o d e l a , k j e r s m o p o 
d e z o k s i d a c i j i z a l u m i n i j e m i z m e r i l i a k t i v n o s t k i s i k a in t e m -
p e r a t u r o n a p r i m e r z a š a r ž o 1 2 5 1 2 i n k v a l i t e t o C . 1 2 2 1 s 
k o n č n o s e s t a v o j e k l a : C - 0 . 1 4 4 , S i - 0 . 2 2 , M n - 0 . 5 1 , P - 0 . 0 1 5 , 
S - 0 . 0 1 7 , C r - 0 . 1 1 , N i - 0 . 1 1 , M o - 0 . 0 2 , A l - 0 . 0 0 9 . 

iio = 1 7 . 2 p p m o z . 0 . 0 0 1 7 2 % 

7 ' = 1 6 3 7 ° C = 1 9 1 0 K 

S p r e d p o s t a v k o , d a j e k i s i k v j e k l u p o d e z o k s i d a c i j i z 
a l u m i n i j e m i n p r e d d o d a t k o m k a l c i j a v e z a n s a m o n a A L O i 
z a k t i v n o s t j o «ai,o, = 1 . i z r a č u n a m o r a v n o t e ž n o a k t i v n o s t 
a l u m i n i j a i z e n a č b e ( 6 ) i n d o b i m o , d a j e a[Ai] = 0 . 0 1 9 2 % . 

S p o d n j o i n z g o r n j o v r e d n o s t a k t i v n o s t i k i s i k a n a m e -
j a h " t e k o č e g a o k n a " z a t o v r e d n o s t a l u m i n i j a p a l a h k o 
i z r a č u n a m o p o e n a č b i ( 7 ) i n d o b i m o ( s l i k a 8 ) : 

• f a z n a m e j a f ' / L 

( « C a O = l ; « A 1 ; 0 , = 0 . 0 1 7 ) — • 
« [ o ] = 4 . 4 p p m 
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Slika 6. Matematična relacija CELOX-patrone v primerjavi s 
praktičnimi meritvami aktivnosti kisika. 

Figure 6. Mathematical relation of the CELOX apparalus in compar-
ison with the practical measurements of the oxygen activity. 
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Slika 7. Vrednosti aktivnega kisika v primerjavi z ravnotežjem alu-
minij-kisik za območje tekočega okna. 

Figure 7. The values of the active oxygen in comparison with the 
equilibrium values aluminium-oxygen for the liquid window. 

• f a z n a m e j a V2C • 7 . 4 
( a c o = 0 . 3 4 ; aAhQ, = 0 . 0 6 4 ) 

• f a z n a m e j a L/C • .4 

(«CaO = 0 . 1 5 ; o A 1 , o , = 0 . 2 7 5 ) 

a [o] = 6 . 8 p p m 

° - 0 1 ° — C/L 
o—o 12 C • 7 A 

0.008 x—x L/C-A 

a [0] = 1 1 . 1 p p m 

I z r a č u n p o t r e b n e k o l i č i n e k a l c i j a za p r e t v o r b o d a n e 
k o l i č i n e t o p n e g a a l u m i n i j a v t e k o č e k o m p l e k s n e v k l j u č k e 
i z d e l a m o s p r e d p o s t a v k o , d a g r e za p r e t v o r b o č i s t e g a A I 2 O 3 
v k o m p l e k s n i v k l j u č e k 1 2 C a O • 7 A U O i (z « C a 0 = 0 . 3 4 
in r / A ] ; o , = 0 . 0 6 4 ) p o e n a č b i ( 8 ) in d o b i m o p o t r e b n o 
r a v n o t e ž n o a k t i v n o s t k a l c i j a za m o d i f i k a c i j o v 1 2 C a O • 
7 A 1 2 0 3 ( s l i k a 9 ) 

0 [ C a ] = 7 . 9 p p m . 

R a v n o t e ž n i v s e b n o s t i k a l c i j a n a o b e h s t r a n e h " t e k o č e g a 
o k n a " i z r a č u n a m o p o isti e n a č b i in d o b i m o : 

a[Ca] ( p r i r a v n o t e ž j u C / L) = 3 7 p p m 

0.01 0,02 0.03 0.04 0.05 0,06 0.07 

a (aluminija), ut.°U 
Slika 9. Al - o - Ca ravnotežje pri 1637°C in a[0j = 17.2 ppm in 

a [ A l ] = 0 . 0 1 9 2 % . 

Figure 9. Al - o - Ca equilibrium al ] 6 3 7 ° C and a[0j = 17.2 ppm 
and «[A1] = 0 . 0 1 9 2 % . 

a[Ca] (pr i r a v n o t e ž j u L/C • A) — 2 . 2 p p m . 

I z r a č u n a m o l a h k o t u d i r a v n o t e ž n e v s e b n o s t i ž v e p l a , k o 
se p r i č n e tvo r i l i Udn i C a S . 

U p o r a b i m o e n a č b o : 

0 r „ . _ 1 0 ( - 2 8 3 0 0 / T + 1 0 . 1 1 - l g a | C a ] + l g a ( C a S ) 
[SJ 1 

p r i č e m e r j e a c a s = 1 in d o b i m o ( s l i k a 1 0 ) : 
pr i m o d i f i k a c i j i v 

1 2 C a O • 7 A 1 2 0 3 a [ s ] = 0 . 0 2 4 4 % 

n a f a z n i m e j i C / L 

( p r i « [ C a ] = 3 7 p p m ) * a [ s j = 0 . 0 0 5 % 

n a f a z n i m e j i L / C ' • .4 

( p r i a [ C a ] = 2 . 2 p p m ) — * a p ] = 0 . 0 8 9 % ) . 

0,0020 
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Slika 8. Al - o ravnotežje pri 1637°C in «[„] = 17.2 ppm. 

Figure 8. Al - O equilibrium at 1637°C and a[0j = 17.2 ppm. 
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Slika 10. Cn - s ravnotežje pri 1637°C. 

Figure 10. - s equilibrium at 1637°C. 
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4 Zakl jučki 

• M e r i t e v a k t i v n o s t i in t e m p e r a t u r e p r e d o b d e l a v o j e k l a 
s k a l c i j e m d e j a n s k o o m o g o č a k o m p l e t e n i z r a č u n o z . 
k o n t r o l o u s p e š n o s t i m o d i f i k a c i j e ; 

• n a j p r e j d o l o č i m o m e j e o z i r o m a a k t i v n o s t i k i s i k a t . i m . 
" t e k o č e g a o k n a " , k j e r n a s t o p a j o le t e k o č i m o d i f i c i -
r a n i v k l j u č k i in s k o n t r o l o o z i r o m a m e r i t v i j o a k -
t i v n o s t i k i s i k a p o o b d e l a v i j e k l a s k a l c i j e m l a h k o t a k o j 
u g o t o v i m o , al i s m o z a g o t o v i l i p r e t v o r b o v k l j u č k o v v 
t e k o č e p o d r o č j e , al i p a s m o n e k j e v p o d r o č j u t r d n i h 
n e p r a v i l n o m o d i f i c i r a n i h v k l j u č k o v ; 

• p o t r e b n o k o l i č i n o k a l c i j a d o l o č i m o s p r e d p o s t a v k o , 
d a d o b i m o o p t i m a l n e m o d i f i c i r a n e v k l j u č k e s e s t a v e 
1 2 C a O - 7 A l i C ) i , h k r a t i p a l a h k o i z r a č u n a m o t u d i m e j n e 
k o l i č i n e n a f a z n i h m e j a h " t e k o č e g a ž e p a " ; 

• i z r a č u n a n i m v s e b n o s t i m k a l c i j a d o l o č i m o r a v n o t e ž n e 
v s e b n o s t i ž v e p l a z a t v o r b o n e ž e l j e n e g a t r d n e g a C a S — 
pr i t e m p a s m o u g o t o v i l i , d a p r e d s t a v l j a j o v i š j e v s e b -
n o s t i ž v e p l a v j e k l u p r e c e j š n e o m e j i t v e za d o v o l j e n o 
k o l i č i n o k a l c i j a . T a k o l a h k o v d a n e m p r i m e r u o p -
t i m a l n e a k t i v n o s t i k a l c i j a 7 . 9 p p r n že pr i v s e b n o s t i 
ž v e p l a n a d 0 . 0 2 4 % p r i č a k u j e m o t v o r b o C a S . 


