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The equilibrium grain boundary segregation of antimony ivas investigated in iron base aiioys (Fe-Sb, Fe-C-Sb, Fe-Ni-Sb) after 
anneaiing at temperatures betvveen 550°C and 750°C. Utiiizing Auger electron spectroscopy (AES) the concentration of antimony 
at intergranular fracture faces was determined as a function of buik concentration and equilibration temperature. The segregation 
of antimony in Fe-Sb alloys with 0,012 wt.% - 0,094 wt.% Sb was described by the Langmuir-McLean equation. The evaluation 
leads to the free enthalpy of segregation AGsegr. = -19 kJ/mol - T 28 J/mol K. For Fe-0,93 wt.% Sb and Fe-1,91 wt.% Sb a 
thermodynamic calculation is not possible because of intergranular antimonides had formed. Scanning electron micrographs (SEM) 
of fractured samples show that the percentage of intergranular fracture increases with an increasing coverage of antimony at the 
grain boundaries. The addition of carbon to Fe-Sb alloys results in a higher grain boundary cohesion which is caused by two 
effects of carbon, displacement of antimony from the grain boundaries by carbon and enhanced grain boundary cohesion. In the 
Fe-Ni-Sb alloys an additional segregation of nickel was found at the grain boundaries but no enhanced antimony segregation, as 
expected from previous models of other authors, assuming Ni-Sb cosegregation. 
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Ravnotežna segregacija antimona po mejah zrn v zlitinah z železnoosnovno (Fe-Sb, Fe-C-Sb, Fe-Ni-Sb) po žarjenju v 
temperaturnem področju od 550°C do 750°C. Z metodo spektroskopije Augerjevih elektronov (AES) je bila določena koncentracija 
antimona na interkristalnih prelomnih ploskvah kot funkcija vsebnosti antimona v osnovnem materialu in ravnotežne temperature. 
Segregacija antimona v Fe-Sb zlitinah z 0.012 ut.% - 0,094 ut.% Sb je opisana z Langmuir McLeanovo enačbo izračunana je bila 
prosta entalpija segregacije AGsegr. = -19 kJ/mol - T 28 J/mol K. Za zlitini Fe -0,93 ut.% Sb in Fe -0,91 ut.% Sb termodinamični 
izračuni niso mogoči zaradi tvorbe interkristalnih antimonidov. Posnetek z vrstičnim elektronskim mikroanalizatorjem (SEM) 
prelomljenih vzorcev kaže, da odstotek interkristalnega preloma narašča z naraščajočo segregirano plastjo antimona na mejah zrn. 
Dodatek ogljika v Fe-Sb zlitino povzroči večjo kohezijo med posameznimi zrni, ogljik namreč izrine antimon z mej zrn in zviša 
kohezijo kristalnih mej. V Fe-Ni-Sb zlitinah je bila določena še segregacija niklja na mejah zrn ne pa tudi povečana koncentracija 
antimona kot je bilo pričakovati po prejšnjih modelih nekaterih avtorjev, ki so predvideli skupno segregacijo Ni-Sb. 

Ključne besede: segregacija na mejah zrn, ravnotežna segregacija antimona, Fe-Sb zlitine, Fe-C-Sb zlitine, Fe-Ni-Sb zlitine, 
termodinamika segregacij, Langmuir McLeanova enačba, spektroskopija Augerjevih elektronov (AES), interkristalni prelom, krhkost, 
tekmovanje za prosta mesta na površini, Charpyjev udarni preizkus 

1 Introduction 

T h e i n c r e a s e d u s a g e o f l o w q u a l i t y s c r a p in s t ee l p r o -
d u c t i o n w i l l l e a d t o a h i g h e r c o n t e n t o f a n t i m o n y in 
s t ee l s , w h i c h m a y h a v e a d e l e t e r i o u s e f f e c t o n m a t e r i a l 
p r o p e r t i e s . T h e p r e s e n c e o f a n t i m o n y ( a n d / o r o t h e r t r a m p 
e l e m e n t s s u c h as P, S n , S , A s ) i n d u c e s t e m p e r e m b r i t t l e -
m e n t o f l o w a l l o y f e r r i t i c s t e e l s b y s e g r e g a t i o n t o t h e 
g r a i n b o u n d a r i e s d u r i n g a p p l i c a t i o n at h i g h e r t e m p e r a -
tures 1 ' 2 - 1 . T h e d r i v i n g f o r c e s f o r s u c h an e n r i c h m e n t in a 
r a n g e of a m o n o l a y e r a r e t he d e c r e a s e o f i n t e r f a c i a l e n -
e r g y a n d t he r e l e a s e o f e l a s t i c e n e r g y . E s p e c i a l l y t he la t -
ter e f f e c t is i m p o r t a n t f o r a n t i m o n y b e c a u s e of its l a r g e 
a t o m s i z e c o m p a r e d to i r o n a t o m s . M a n y r e s e a r c h e s h a v e 
b e e n s h o w n tha t t h e a m o u n t of a n t i m o n y s e g r e g a t i o n d e -
p e n d s o n t h e t o t a l c o m p o s i t i o n o f t h e s t e e l . H o w e v e r , 
t h e r e is n o u n i f o r m e v i d e n c e h o w o t h e r a l l o y i n g c o m p o -
n e n t s , e s p e c i a l l y n i cke l 2 - 4 ' 5 , i n f l u e n c e a n t i m o n y s e g r e g a -
t ion . 
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T h e r e f o r e , 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 f a n t i m o n y a n d i ts e f f e c t s o n m a t e r i a l p r o p e r t i e s 
vvere e x a m i n e d in s i m p l e i r o n b a s e a l l o y s t o a v o i d t h e 
c o m p l e x c h e m i s t r y o f m u l t i c o m p o n e n t s t e e l s . T h e d e g r e e 
o f c o v e r a g e vvas d e t e r m i n e d 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 ) o n t h e i n t e r g r a n u l a r f r a c t u r e f a c e s a f t e r f r a c -
t u r e b y i m p a c t i n s i d e t h e U H V c h a m b e r . T h e i n f l u e n c e 
o n t h e m e c h a n i c a l b e h a v i o u r vvas s t u d i e d b y s c a n n i n g 
e l e c t r o n m i c r o s c o p y ( S E M ) a n d C h a r p y i m p a c t t e s t s . 

2 Experimental procedure 

T h e a l l o y s u s e d in t h i s s t u d y vvere m e l t e d in a v a c -
u u m i n d u c t i o n f u r n a c e . T h e c h e m i c a l c o m p o s i t i o n s a r e 
l i s t e d in Table 1. S m a l l a m o u n t s o f m a n g a n e s e ( 0 , 0 2 
w t . % ) vvere a d d e d t o e a c h a l l o y t o t i e u p s u l f u r , vvhich 
h a s a s t r o n g t e n d e n c y f o r g r a i n b o u n d a r y s e g r e g a t i o n 3 

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

T h e i n g o t s o f t h e F e - S b , F e - C - S b a n d F e - N i - S b a l -
l o y s vvere h o t f o r g e d a n d t h e n m a c h i n e d i n t o r e c t a n g u l a r 
s p e c i m e n s . T h e F e - S b a n d F e - N i - S b s a m p l e s vvere h e a t 
t r e a t e d b y a u s t e n i t i z i n g a t 1 0 6 0 ° C f o r 7 0 - 9 0 m i n , a i r 



Table 1: Chemical composition of the Fe-Sb. Fe-C-Sb and Fe-Ni-Sb 
alloys (wt.%) 

Alloy Sb C Mn P S 
Fe-Sb 1 0 ,012 0 ,005 0 ,027 0 ,0015 0 ,0013 
Fe -Sb2 0 ,049 0 ,0048 0 ,027 0,0011 0,001 
Fe-Sb3 0 ,094 0 ,0057 0 ,027 0,001 0,0011 
Fe -Sb4 0,93 0 ,006 0 ,026 0 ,0013 0 ,0012 
Fe -Sb5 1,91 0 ,0039 0,028 0 ,0014 0 ,0012 
Fe-C-Sb 1 0 ,056 0 ,0043 0 ,025 <0 ,002 0 ,0013 
Fe -C-Sb2 0 ,053 0 ,0085 0 ,023 <0 ,002 0 ,0013 
Fe -C-Sb3 0 ,052 0 ,0144 0 ,023 <0 ,002 0 ,0014 
F e - C - S b 4 0 ,094 0 ,0057 0 ,027 0,001 0.0011 

Alloy Sb Ni C Mn P 
Fe-Ni -Sb 1 0 ,049 0,53 0 ,0035 0 ,022 <0 ,002 
Fe -Ni -Sb2 0 ,049 2,85 0 ,0069 0 .024 <0 ,002 

c o o l i n g , a n d t h e n t e m p e r i n g a t 7 8 0 ° C f o r 168 h a n d 

w a t e r q u e n c h i n g . T h e s e t w o h e a t t r e a t m e n t s w e r e p e r -

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

c a r b o n c o n c e n t r a t i o n b e l o w 10 w t . - p p m . 

T h e F e - C - S b a l l o y s w e r e a n n e a l e d in f l o w i n g d r y a r -

g o n t o a v o i d c a r b o n l o s s e s . T h e s a m p l e s w e r e h o m o g e -

n i z e d a t 1 0 6 0 ° C f o r 7 0 m i n a n d a i r c o o l e d . A f t e r w a r d s 

t h e y w e r e r e c r y s t a l l i z e d a t 7 8 0 ° C f o r 2 h a n d w a t e r 

q u e n c h e d . 

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

o f 5 5 0 ° C , 6 0 0 ° C , 6 5 0 ° C , 7 0 0 ° C a n d 7 5 0 ° C f o r d i f f e r e n t 

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

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

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

s e s s e d u s i n g a n e q u a t i o n p r o p o s e d b y M c L e a n 6 . A E S 

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

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

t i o n s o f e a c h e x p o s u r e a r e l i s t ed in T a b l e 2. 

Table 2: Conditions for the establishment of segregation equilibria 

Ageing Tempera ture / 
Ageing T ime 

Exposure Condi t ions 

550°C/600 h vacuum/quenched in vvater 
600°C /140 h vacuum/quenched in vvater 
650°C/ 50 h flovving argon/quenched in vvater 
700°C/ 5 h flovving argon/quenched in vvater 
750°C/ 2 h flovving argon/quenched in vvater 

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

m e a s u r e d b y A E S , vvhich is c o n d u c t e d in U H V t o a v o i d 

s u r f a c e c o n t a m i n a t i o n . A f t e r c o o l i n g to a b o u t - 1 2 0 ° C t h e 

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

in t h e U H V c h a m b e r o f t h e s p e c t r o m e t e r . T h e f r a c t u r e 

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

in a s c a n n i n g e l e c t r o n m i c r o s c o p e ( S E M ) m o d e to d i s t i n -

g u i s h b e t w e e n i n t e r g r a n u l a r a n d t r a n s g r a n u l a r a r e a s . 

A u g e r s p e c t r a w e r e t a k e n f r o m at l e a s t 10 i n d i v i d u a l 

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

( C M A ) a n d t h e r e s u l t s w e r e a v e r a g e d . T h e p e a k - t o - p e a k 

h e i g h t s o f a n t i m o n y ( 4 5 4 e V ) , n i c k e l ( 8 4 8 e V ) a n d c a r b -
o n ( 2 7 1 e V ) w e r e r e l a t e d t o t he i r o n p e a k a t 6 5 1 eV. T h e 
e n t i r e a n a l y s i s o f e a c h f r a c t u r e f a c e h a d t o b e c o m p l e t e d 
w i t h i n a p p r o x i m a t e l y 3 h t o p r e v e n t c o n t a m i n a t i o n e f -
f e c t s . T h e o p e r a t i n g c o n d i t i o n s w e r e as f o l l o w s : p r i m a r y 
b e a m e n e r g y 5 kV, p r i m a r y b e a m c u r r e n t 3 x 10"6 A , a n d 
p r i m a r y b e a m s i z e 10 p m . 

T o e s t i m a t e t h e d e g r e e o f c o v e r a g e of a n t i m o n y a t t h e 
g r a i n b o u n d a r i e s , it c a n b e a s s u m e d t ha t a n t i m o n y is u n i -
f o r m 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 f a c e s . T h i s s u p p o s i -
t i on w a s v e r i f t e d b y s o m e A E S m e a s u r e m e n t s in w h i c h 
o p p o s i t e f r a c t u r e f a c e t s vvere i n v e s t i g a t e d 7 . F r o m L E E D 
s t u d i e s o f s u r f a c e s e g r e g a t i o n o n F e - S b s i n g l e c r y s t a l s a 
c a l i b r a t i o n f a c t o r h a d b e e n o b t a i n e d vvhich c o n v e r t s t h e 
p e a k - t o - p e a k h e i g h t r a t i o t o t h e d e g r e e o f c o v e r a g e 8 . 

S u p p l e m e n t a r y s u r f a c e a n a l y t i c a l m e t h o d s vvere e m -
p l o y e d . T h e b i n d i n g s t a t e o f c o r e e l e c t r o n s o f s e g r e g a t e d 
a n t i m o n y w a s d e t e r m i n e d b y X - r a y p h o t o e l e c t r o n s p e c -
t r o s c o p y ( X P S ) , vvhi le s c a n n i n g A u g e r m i c r o s c o p y 
( S A M ) vvas a p p l i e d to e x a m i n e t h e d i s t r i b u t i o n o f s e g r e -
g a t e d e l e m e n t s o n g r a i n b o u n d a r y f a c e t s . 

T h e f r a c t u r e t y p e a n d t h e m e c h a n i c a l p r o p e r t i e s vvere 
i n v e s t i g a t e d u s i n g S E M ( a c c e l e r a t i n g v o l t a g e 2 0 k V ) a n d 
C h a r p y i m p a c t t e s t s ( D I N 5 0 1 1 5 ) . 

3 Resul ts and d iscuss ion 

3.1 Fe-Sb alloys 

T y p i c a l A u g e r s p e c t r a o f t r a n s g r a n u l a r a n d i n t e r -
g r a n u l a r a r e a s a r e r e p r e s e n t e d in F i g u r e 1. O n t r a n s -
g r a n u l a r f r a c t u r e s u r f a c e s o f t h e F e - 0 , 0 9 4 w t . % S b a l l oy , 
n o a n t i m o n y p e a k vvas o b s e r v e d , s i n c e t h e b u l k c o n c e n -
t r a t i o n is belovv t h e d e t e c t i o n l i m i t o f t h e A E S m e t h o d . 
T h e o x y g e n p e a k is d u e to a d s o r p t i o n f r o m t h e r e s i d u a l 
a t m o s p h e r e a f t e r b r e a k i n g t h e s a m p l e . T h e s p e c t r u m 
t a k e n o n a g r a i n s u r f a c e o f t h e s a m e a l l o y c l e a r l y i n d i -
c a t e s t h e e n r i c h m e n t o f a n t i m o n y vvhich is c a u s e d b 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 . 

F i g u r e 2 i l l u s t r a t e s t h a t t h e a v e r a g e c o v e r a g e o f a n t i -
m o n y a t t h e g r a i n b o u n d a r i e s i n c r e a s e s vvith i n c r e a s i n g 
b u l k c o n c e n t r a t i o n a n d d e c r e a s i n g e q u i l i b r a t i o n t e m p e r a -
tu re . T h e s c a t t e r o f t h e d a t a i n d i c a t e d b y t h e e r r o r b a r s in 
o n e c u r v e is r a t h e r l a r g e ( 2 5 % - 3 0 % of t h e m e a n v a l u e ) 
d u e m a i n l y to t h e fo l l ovv ing r e a s o n s : 

a ) T h e s e g r e g a t i o n o f a n t i m o n y m a y b e s t r o n g l y d e -
p e n d e n t o n g r a i n o r i e n t a t i o n a s i n d i c a t e d b y s u r f a c e s e g -
r e g a t i o n s t u d i e s o n F e - S b s i n g l e c r y s t a l s 8 . 

b ) T h e e x a m i n e d a r e a s h a v e d i f f e r e n t d i s t a n c e s a n d 
d i f f e r e n t s u r f a c e n o r m a l s to t h e c y l i n d r i c a l m i r r o r a n a -
l y z e r ( C M A ) . 

c ) T h e d e g r e e o f c o v e r a g e is c a l c u l a t e d f r o m m e a s -
u r e m e n t s o n o n l y o n e s i d e o f t h e i n t e r g r a n u l a r f r a c t u r e 
f a c e . I t vvas v e r i f i e d b y s o m e A E S m e a s u r e m e n t s in 
vvhich o p p o s i t e f r a c t u r e f a c e t s vvere i n v e s t i g a t e d t h a t t h e 
a v e r a g e g r a i n b o u n d a r y a n t i m o n y c o n c e n t r a t i o n is n e a r l y 
t he s a m e o n b o t h f r a c t u r e f a c e s 7 . T h e a s s u m p t i o n t h a t a n -
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Figure 2: Grain boundary concentration of antimony plotted as a 
funetion of equilibration temperature for the alloys Fe - 0,012 wt.% Sb, 
Fe - 0,049 wt.% Sb and Fe - 0,094 wt.% Sb 
Slika 2: Koncentracija antimona na kristalni meji kot funkcija 
ravnotežne temperature za zlitine Fe - 0,012 ut.% Sb, Fe - 0,049 ut.% 
Sb in Fe - 0,094 ut.% Sb 

Figure 1: Auger spectra of fracture surfaces of Fe - 0,094 wt.% Sb 
alloy after annealing at 650°C. a) cleavage facet, b) intergranular 
fracture surface 
Slika 1: AES spekter prelomnih površin Fe - 0,094 ut.% Sb po žarjenju 
pri 650°C. a) prelomna ploskev, b) interkristalna prrlomna površina 

t i m o n y is e q u a l l y d i s t r i b u t e d i s p r o b a b l y n o t t r u e f o r 
e a c h s i n g l e i n t e r g r a n u l a r a r e a . 
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Figure 3: Langmuir-McLean plot of the data in Figure 2 
Slika 3: Langmuir-McLeanov diagram podatkov iz slike 2 

T h e s e g r e g a t i o n e n t h a l p y v a l u e is l o w c o m p a r e d t o 
v a l u e s f o r p h o s p h o r u s ( A H s e g r = - 3 4 k J / m o l ) 9 o r t in 
(AHsegr = - 2 3 k J / m o l ) 1 0 , t h i s i n d i c a t e s t h e l o w t e n d e n c y 
f o r 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 a n t i m o n y in i r o n . 

I t w o u l d b e u n r e a s o n a b l e in t h e p r e s e n t t h e r m o d y -
n a m i c c a l c u l a t i o n s to i n c l u d e t h e A E S d a t a f o r t h e F e -
0 , 9 3 w t . % S b a n d F e - 1 , 91 w t . % S b a l l o y s , s i n c e u n -
k n o w n a n t i m o n i d e s h a d f o r m e d a t t h e g r a i n b o u n d a r i e s . 
In F i g u r e 4 , a t y p i c a l s c a n n i n g e l e c t r o n m i c r o g r a p h a n d 
t h e c o r r e s p o n d i n g e l e m e n t a l m a p f o r a n t i m o n y o n t h e 
s a m e i n t e r g r a n u l a r a r e a o f t h e F e - 0 , 9 3 w t . % S b a l l o y 
i n d i c a t e s ta r s h a p e d a n t i m o n i d e s . 

In s p i t e o f t h e l o w t e n d e n c y f o r g r a i n b o u n d a r y s e g -
r e g a t i o n , a n t i m o n y h a s a s t r o n g l y e m b r i t t l i n g e f f e c t . T h e 
r e l a t i o n s h i p b e t v v e e n t h e p e r c e n t a g e o f i n t e r g r a n u l a r 
f r a c t u r e a n d t h e g r a i n b o u n d a r y c o v e r a g e o f a n t i m o n y is 
d e m o n s t r a t e d in F i g u r e 5. W i t h i n c r e a s i n g e n r i c h m e n t of 
a n t i m o n y a t t h e g r a i n b o u n d a r i e s t he f r a c t u r e m o d e a t 
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Figure 4: Intergranular antimonides observed in Fe - 0.93 wt.% Sb 
after annealing at 650°C; a) scanning electron micrograph. b) 
corresponding scanning Auger image of Sb 
Slika 4: Interkristalni antimonidi opaženi v Fe - 0,93 ut.% Sb po 
žarjenju na 650°C; a) posnetek z vrstičnim elektronskim 
mikroanalizatorjem, b) vrstični Augerjev posnetek 

l o w t e m p e r a t u r e s ( a b o u t - 1 2 0 ° C ) c h a n g e s f r o m t r a n s -

g r a n u l a r t o i n t e r g r a n u l a r a l r e a d y at r a t h e r l o w g r a i n 

b o u n d a r y c o n c e n t r a t i o n s . 

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

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

t e s t i n g . T h e t r a n s i t i o n t e m p e r a t u r e d e t e r m i n e d TT is a 

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

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

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

f r a c t u r e a n d t h e i m p a c t vvork f o r b r i t t l e f r a c t u r e is 

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

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

c r e a s i n g a n t i m o n y c o n c e n t r a t i o n at t h e g r a i n b o u n d a r i e s . 

T h i s s u p p o s i t i o n is v e r i f t e d in F i g u r e 6 . F o r e a c h o f t h e 

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

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

g r a i n b o u n d a r i e s . H o v v e v e r , t h e F e - 0 , 0 9 4 w t . % S b a l l o y 

t e m p e r e d a t 7 5 0 ° C h a s a lovver t r a n s i t i o n t e m p e r a t u r e 

t h a n t h e F e - 0 , 0 4 9 w t . % S b a l l o y a n n e a l e d at t h e s a m e 

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

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

r i a l s ( F e - 0 , 0 4 9 % S b : 0 , 2 1 m m ; F e - 0 , 0 9 4 % S b : 0 , 0 8 

m m ) , vvith i n c r e a s i n g a n t i m o n y c o n c e n t r a t i o n t h e g r a i n 

0,1 0,2 0,3 0,4 "0,5 
Peak-to-Peak Height Ratio [I(Sb)/I(Fe)] 

Figure 5: Percentage of intergranular fracture versus peak-to-peak 
height ratio I(Sb)/I(Fe) 
Slika 5: Odstotek interkristalnega preloma v odvisnosti od razmerja 
višine vrhov I(Sb)/I(Fe) 

s i z e d e c r e a s e vvhich l e a d s t o a h i g h e r s t r e n g t h o f t h e m a -

t e r i a l . 

O n e p o s s i b l e w a y to e x p l a i n t h e e m b r i t t l i n g b e h a v -

i o u r o f a n t i m o y is to a p p l y q u a n t u m m e c h a n i c a l m o d -

e l s " 1 2 . T h e m a i n c o n c l u s i o n s o f t h e s e c a l c u l a t i o n s c a n 

be s u m m a r i z e d a s fo l lovvs : 

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

vvith r e s p e c t to t h e h o s t m e t a l i r o n . C o n s e q u e n t l y e l e c -

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

c h a r g e t r a n s f e r l e a v e s fevver e l e c t r o n s t o p a r t i c i p a t e in 
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Figure 6: Dependence of the transition temperature on the grain 
boundary antimony concentration for Fe - 0,049 wt.% Sb and Fe -
0,094 wt.% Sb alloys 
Slika 6: Odvisnost koncentracije antimona na mejah zm od prehodne 
temperature za zlitine Fe - 0,049 ut.% Sb in Fe - 0,094 ut.% Sb 



Figure 8: SEM of a faceted grain boundary in Fe - 0,094 wt.% Sb after 
annealing at 650°C 
Slika 8: SEM posnetek facetirane meje v zlitini Fe - 0.094 ut.% po 
žarjenju na temperaturi 650°C 

Figure 9: Pore at a grain boundary facet of Fe - 0,094 wt.% Sb after 
annealing at 600°C; a) SEM. b) corresponding scanning Auger image 
of Sb 
Slika 9: Razpoka v kristalni meji Fe - 0,094 ut.% po žarjenju na 
temperaturi 600°C: a) SEM posnetek, b) odgovarjajoči SAM posnetek 
Sb 

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

e m b r i t t l e m e n t o f t h e m a t e r i a l . 
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Figure 7: Photolines of pure Sb and segregated Sb in Fe-Sb alIoys 
Slika 7: XPS krivulje čistega Sb in segregiranega Sb v Fe-Sb zlitini 

M g K,, 

Sb 3d3n 

Sb (elcmcntal) 

537,40 eV 

t h e i r o n - i r o n b o n d i n g a n d t h e s e b o n d s a t t h e g r a i n 

b o u n d a r y w i l l b e w e a k e n e d . 

X P S m e a s u r e m e n t s o n a l a r g e a r e a o f i n t e r g r a n u l a r 

f r a c t u r e o f F e - 0 , 9 3 w t . % S b a l l o y a f t e r a n n e a l i n g at 

6 0 0 ° C s h o w t h a t t h e e n e r g i e s o f t h e S b 3 d e l e c t r o n l e v e l s 

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

( F i g u r e 7) . T h e e n e r g y s h i f t o f a b o u t - 0 , 5 e V in c o m -

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

to s e g r e g a t e d a n t i m o n y , a s e x p e c t e d in t h e a b o v e m o d e l . 

I t is a l s o p o s s i b l e t o e x p l a i n t h e e m b r i t t l i n g b e h a v i o u r 

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

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

in F i g u r e 8. T h e s e g r e g a t i o n o f a n t i m o n y i n d u c e s a r e -

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

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

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

a n a v e r a g e d i a m e t e r o f 2 p m as c a n b e s e e n in F i g u r e 9 . 

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

t i r n o n y e n r i c h m e n t vv i th in t h i s p o r e . S e g r e g a t e d a n t i -

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

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

3.2 Fe-C-Sb alloys 

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

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

t h e F e - C - S b a l l o y s vvith 0 , 0 4 9 w t . % S b shovv t r a n s g r a n u -

la r f r a c t u r e c a u s e d b y t h e c a r b o n c o n t e n t . T h e h i g h e r c o -

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

F e - S b a l l o y s is d u e t o t h e f a c t t h a t a n t i m o n y is d i s p l a c e d 

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

e q u a t i o n 

C ( d i s s o l v e d ) + S b ( s e g r e g a t e d ) 

= C ( s e g r e g a t e d ) + S b ( d i s s o l v e d ) ( 2 ) 

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

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

F e - C - P 9 a n d F e - C - S n 1 0 , vvas p r o v e n f o r t h e F e - C - S b a l -

l o y vvith 0 , 0 9 4 w t . % S b , a s shovvn in F i g u r e 10. T h e a v -

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

c r e a s e s vvith i n c r e a s i n g g r a i n b o u n d a r y a n d b u l k 

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



0.14 

| 0.12 

.g" 0.10 
"H 
(2 
£ 0.08 
nb 
'5 
SE 0.06 

•S U 
0.041 

o 

"I 0.02 

0 

• 
i 

/ C / F e • 

• 

/ ' 

/ s 

• 700°C 
- - • - - 650°C 
—i— 600°C 

/ s 

/s 
r • ' • » • ' • ' 1 

• 

40 

10 20 30 40 50 
Carbon Content [wt.-ppm] 

60 

Figure 10: Dependence of the Sb and C grain boundary concentrations 
on the bulk concentration of carbon in Fe - 0,094 wt.% Sb 
Slika 10: Odvisnost koncentracij Sb in C na mejah zrn od 
koncentracije ogljika v osnovnem materialu Fe - 0,094 ut.% Sb 
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Figure 12: Dependence of the transition temperature on bulk 
concentration of carbon for Fe - 0,040 wt.% Sb and Fe - 0,094 wt.% 
Sb after annealing at 750°C 
Slika 12: Odvisnost prehodne temperature žilavosti od vsebnosti 
ogljika v osnovnem materialu Fe - 0,049 ut.% Sb in Fe - 0,094 ut.% Sb 
po žarjenju na temperaturi 750°C 

of t r a n s g r a n u l a r f r a c t u r e r i s e s w i t h i n c r e a s i n g b u l k c o n -
c e n t r a t i o n o f c a r b o n ( F i g u r e 11 ) . 

T h e d e c r e a s e o f b r i t t l e i n t e r g r a n u l a r f r a c t u r e of F e - C -
S b a l l o y s c a n b e e x p l a i n e d b y t h e f o l l o v v i n g e f f e c t s : 

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

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

I f e n e r g e t i c i n t e r a c t i o n s b e t w e e n s e g r e g a t e d c a r b o n 
a n d a n t i m o n y a r e n e g l e c t e d , t h e a b o v e m e n t i o n e d p h e -
n o m e n a c a n b e d e s c r i b e d b y c o n s i d e r i n g o n l y t h e s i te 
c o m p e t i t i o n o f t h e t w o e l e m e n t s 

6s 

i - e S b -

e r 

' = x S b e x P 

0sb ~ 9 c 
= x c e x p 

R T 

R T 

(3) 

( 4 ) 

T h e d e - e m b r i t t l i n g e f f e c t o f c a r b o n w a s a l s o d e m o n -
s t r a t e d by C h a r p y i m p a c t t e s t s . F i g u r e 1 2 i l l u s t r a t e s f o r 
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Figure 11: Variation of the percentage of intergranular fracture with 
bulk concentration of carbon in Fe - 0,094 wt.% Sb 
Slika 11: Sprememba odstotka interkristalnih prelomnih ploskev v 
odvisnosti od koncentracije ogljika v zlitini Fe - 0,094 ut.% Sb 

100 200 300 400 500 600 700 800 900 
Kmetic Energy [eVj 

Figure 13: Auger spectrum of an intergranular fracture surface of Fe • 
2,85 wt.% Ni - 0,049 wt.% Sb 
Slika 13: AES spekter interkristalne prelomne površine zlitine Fe • 
2,85 ut.% Sb 

b o t h F e - S b a l l o y s ( 0 , 0 4 9 w t . % S b o r 0 , 0 9 4 w t . % S b ) 
t e m p e r e d a t 7 5 0 ° C tha t t h e t r a n s i t i o n t e m p e r a t u r e s h i f t s 
t o lovver v a l u e s if c a r b o n is a d d e d t o e a c h a l l o y . 

3.3 Fe-Ni-Sb alloys 

T h e i n f l u e n c e o f n i c k e l o n 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 a n t i m o n y w a s a l s o i n v e s t i g a t e d f o r t w o F e - N i -
S b a l l o y s . A u g e r s p e c t r a t a k e n f r o m i n t e r g r a n u l a r a r e a s 
i n d i c a t e t he e n r i c h m e n t o f a n t i m o n y a n d n i c k e l ; a t y p i c a l 
A u g e r s p e c t r u m is s h o w n in F i g u r e 13 . T h e t e m p e r a t u r e 
d e p e n d e n c e of a n t i m o n y a n d n i c k e l e q u i l i b r i u m s e g r e g a -
t i o n c o n t r a d i c t s p r e v i o u s r e s u l t s o f o t h e r a u t h o r s 2 - 4 ' 5 

( F i g u r e 14) . N o e v i d e n c e w a s f o u n d f o r c o s e g r e g a t i o n o f 
a n t i m o n y a n d n i c k e l o r f o r a n t i m o n y s e g r e g a t i o n b e e i n g 
e n h a n c e d b y t h e p r e s e n c e o f n i c k e l , a s w a s o b s e r v e d b y 
o t h e r a u t h o r s 2 ' 4 . F o r t h e F e - 0 , 5 3 w t . % N i - 0 , 0 4 9 w t . % 
S b a l l o y t he a n t i m o n y g r a i n b o u n d a r y c o n c e n t r a t i o n is 
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Figure 14: Grain boundary segregation of Sb and Ni plotted as a 
function of equilibration temperature for two Fe-Ni-Sb alloys 
Slika 14: Segregacija Sb in Ni po mejah zrn prikazana kot funkcija 
ravnotežne temperature za dve zlitini Fe-Ni-Sb 

Figure 15: Dependence of the transition temperature on the bulk 
concentration of nickel for Fe-Ni- 0,049 wt.% Sb alloys after annealing 
at 750°C 
Slika 15: Odvisnost prehodne temperature žilavosti od vsebnosti niklja 
v Fe-Ni- 0,049 ut.% Sb po žarjenju na 750°C 

n e a r l y t h e s a m e at ali t e m p e r a t u r e s as f o r t h e s a m e a l l o y 

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

e n c e o f n i c k e l . A d d i t i o n a l l y , t h e a m o u n t o f n i c k e l s e g r e -

g a t i o n is a l w a y s t h e s a m e a t a l i t e m p e r a t u r e s . A E S s t u d -

i e s o n t h e F e - 2 , 8 5 w t . % N i - 0 , 0 4 9 w t . % S b a l l o y 

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

t h a n in t h e F e - 0 , 5 3 w t . % N i - 0 , 0 4 9 w t . % S b a l l o y . T h e 

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

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

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

vvith d e c r e a s i n g t e m p e r a t u r e 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 n i c k e l d e c r e a s e s a t 6 0 0 ° C . C o n s e q u e n t l y 

G u t t m a n n ' s m o d e l o f c o s e g r e g a t i o n d o e s n o t h o l d t r u e 

f o r t h e F e - N i - S b s y s t e m . I t vvas a l s o a s s e r t e d t h a t t h e 

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

a n t i m o n y . C h a r p y i m p a c t t e s t s o f F e - N i - S b a l l o y s t e m -

p e r e d a t 7 5 0 ° C shovv d i f f e r e n t r e s u l t s ( F i g u r e 1 5 ) . T h e 

t r a n s i t i o n t e m p e r a t u r e o f F e - 0 , 0 4 9 w t . % S b a n d F e -

0 , 5 3 w t . % N i - 0 , 0 4 9 w t . % S b a l l o y is n e a r l y t h e s a m e , 

vvhile t h e t r a n s i t i o n t e m p e r a t u r e o f F e - 2 , 8 5 w t . % N i -

0 , 0 4 9 vvt .% S b a l l o y d e c r e a s e s t o a v a l u e vvhich is t y p i c a l 

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

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

lovving e f f e c t s : 

a ) N i c k e l p r o m o t e s t h e r e f i n e m e n t o f g r a i n s . 

b ) T h e s e g r e g a t i o n d e c r e a s e in a n t i m o n y m a y b e d u e 
t o n i c k e l s e g r e g a t i o n . 

T h u s t h e e x p e c t e d s e v e r e e m b r i t t l e m e n t o f F e - N i - S b 
a l l o y s a c c o r d i n g t o e a r l i e r i n v e s t i g a t i o n s vvas n o t c o n -
f i r m e d . 

4 A c k n o w l e d g e m e n t 

T h e a u t h o r s a r e g r a t e f u l t o t h e E u r o p e a n C o m m i t t e e 

f o r financial s u p p o r t u n d e r c o n t r a c t n o . P 3 4 5 5 . 
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