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A series of experimental steels, based on a 0.3 C, 1.5 Mn, 0.1 V composition, with and vvithout 0.01% Ti addition, vvas made by 
laboratory and full-scale casting, and fabricated into 22 mm dia bars by full-scale hot-rolling. Multi-phase Polygonal 
Ferrite-Pearlite-Non Polygonal Ferrite (PF-P-NPF) structures, with varying amount of NPF, are obtained in as-rolled bars. 
Acicular Ferrite (AF) and classical Bainite Sheaves (BS) are found to be dominant NPF morphologies in steels vvith a lovv 
(<30%) and a high (>40%) fraction of NPF, respectively. In Ti-bearing PF-P-AF steels, the PF-grain and P-colony size control, 
obtained through fine TiN particles, vvhich also provide preferential sites for intragranular nucleation of AF, a tensile strength of 
800/850 MPa and 900/950 MPa in 0.2 and 0.3 C steels vvas obtained, vvhile maintaining the room temperature CVN impact 
energy at a level of 65/75 J and 40/50 J, respectively. A high fraction of grain boundary nucleated BS is promoted by increasing 
the content of Cr. Mo or Mn above the base level. The main effect of introducing BS into structure is a drop in impact toughness. 
Even so, in some BS dominated steels (notably Cr treated) an impact energy of 30/35 J is maintained at a tensile strength level 
of 1050/1100 MPa. These results have provided a bases for the development of as-rolled medium carbon microalloyed 
engineering bars. that achieve satisfactory properties in the as-rolled conditions vvithout the need for subsequent heat treatment. 

Key vvords: microalloying, bar-rolling, polygonal ferrite, pearlite, non-polygonal ferrite, bainite, acicular ferrite, strength, 
toughness 

Vrsta eksperimentalnih jekel z osnovno sestavo 0.3 C, 1.5 Mn in 0.1 V z ali brez dodatka 0.01% Ti je bila izdelana z 
laboratorijskim in z industrijskim vlivanjem ter industrijsko izvaljana v 22 mm palice. Dosežene so več fazne poligonalni 
ferit-perlitne - poligonalni ferit (PF-P-NPF) mikrostrukture z različnim deležem NPF. Acikularni ferit (AF) in klasični bajnitni 
snopi (BS) so prevladujoče NPF morfologije v jeklih z majhnim (<30%) in velikim (>40%) deležem NPF. V PF-P-AF jeklih z 
dodatkom Ti, kjer je dosežena kontrola velikosti zrn PF in P kolonij z izločki TiN, ki so tudi prednostna mesta za intragranularno 
nukleacijo AF, je bila dosežena pri 0.2 in 0.3 C jeklih natezna trdnost 800/850 in 900/950 MPa. Pri tem je ostala CVN udarna 
energija pri temperaturi ambienta 65/75 oz. 40/50 J. Velik delež BS z nukleacijo na kristalnih mejah se doseže z dodatkom Cr, 
Mo ali Mn nad osnovno vsebnostjo. Glavna posledica prisotnosti BS v mikrostrukturi je zmanjšanje udarne žilavosti. Vendar je 
bila tudi v nekaterih jeklih s prevladujočo BS (predvsem z dodatkom Cr) ohranjena udarna energija 30/35 J pri trdnosti 
1050/1100 MPa. Ti rezultati so bili osnova za razvoj srednje ogljičnih konstrukcijskih jekel, ki imajo v valjanem stanju dobre 
lastnosti brez dodatne toplotne obdelave. 
Ključne besede: mikrolegiranje, valjane palice, poligonalni ferit, perlit, ne poligonalni ferit, bainit, acikularni ferit, trdnost, 
žilavost 

1 INTRODUCTION 

M e d i u m - c a r b o n m i c r o a l l o y e d ( M A ) f o r g i n g s t e e l s 

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

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

e n c e s ( e . g . 1 " 3 ) . T h e r e a r e m a n y e x a m p l e s t o s h o w t h a t 

M A s t e e l s c a n r e p l a c e Q & T s t e e l s i n a s - f o r g e d a n d a i r -

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

H o v v e v e r , i n t h e f e r r i t e - p e a r l i t e ( F P ) v e r s i o n , t h e s e s t e e l s 

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

y e a r s , b a i n i t e ( B ) a n d m a r t e n s i t e ( M ) t y p e g r a d e s , h a v e 

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

r e p l a c e F P s t e e l s . C o m p a r e d t o M t y p e ( e . g . 4 5 ) t h e a i r -

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

p r o v e m e n t i n t o u g h n e s s i s n o t a s - s p e c t a c u l a r 4 6 1 3 , a n d i n 

s o m e i n s t a n c e s a d e t e r i o r a t i o n i n t o u g h n e s s i s c l a i m e d 1 4 " 

1 6 . T h i s a s v v e l l a s o t h e r d i s a d v a n t a g e o f B - g r a d e s , s u c h 

a s a l o v v y i e l d r a t i o 1 3 - 1 7 a n d p o o r m a c h i n a b i l i t y 7 , m a y b e 

a m o n g t h e r e a s o n w h y t h e y a r e s c a r c e l y u s e d 1 7 . 

T h e s t r e n g t h a n d t o u g h n e s s o f a s - h o t r o l l e d b a r s h a v e 

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

H o v v e v e r , v v h i l e c o n s i d e r a b l e v v o r k h a s b e e n d o n e t o i m -

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

r o l l e d b a r s i n F P v e r s i o n ( e . g . 1 3 1 8 1 9 ) , l i t t l e e f f o r t h a s b e e n 

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

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

m o s t l y b a s e d o n r e c e n t r e s u l t s v v h i c h s h o v v 2 0 2 1 t h a t , 

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

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

2 EXPERIMENTAL DETAILS 

2.1 Material 

A s e r i e s o f e x p e r i m e n t a l h e a t s , b a s e d o n 0 . 3 % C , 

1 . 5 % M n , 0 . 1 % V c o m p o s i t i o n ( s m a l l v a r i a t i o n s a m o n g 

d i f f e r e n t h e a t s a r e i n c l u d e d i n Table 1) v v i t h a n d v v i t h o u t 

0 . 0 1 % T i a d d i t i o n , i s u s e d i n t h i s v v o r k . A n u m b e r o f 

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

s o m e a d d i t i o n s ( e . g . : C t o 0 . 2 % ; N t o 1 5 - 6 0 P P M ; V , N i 

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

t i o n s a b o v e t h e b a s e l e v e l ( e . g . : M n t o 1 . 5 5 / 1 . 6 5 o r 



1 . 7 2 / 1 . 7 8 % ; C r t o 0 . 3 7 / 0 . 3 8 o r 0 . 5 7 % ; M o t o 0 . 2 1 % ; V 

t o 0 . 1 6 / 1 9 % ; N t o 1 6 0 / 2 4 0 p p m ; S t o 1 5 0 / 2 5 0 p p m ) . 

Table 1: Steel compositions (in wt.%) 
Tabela 1: Sestava jekel (v ut.%) 

C Si Mn P S Cr Mo Ni Al Cu N V 
0.27 0.29 1.47 0.006 0.006 0.21 0.03 0.15 0.02 0.18 0.010 0.10 
0.32 0.39 1.57 0.010 0.010 0.30 0.06 0.19 0.03 0.31 0.012 0.13 

2.2 Casting and hot vvorking of steels 

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

u s e d t o p r o d u c e 6 0 k g a n d 2 6 3 0 k g i n g o t s , l a b e l e d L a n d 

I - i n g o t s , r e s p e c t i v e l y . L - c a s t i n g p r a c t i c e p r o v e d 2 " t o b e 

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

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

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

i n g . T h e i n g o t s w e r e f a b r i c a t e d i n t o 2 2 m m d i a b a r s o n 

p r o d u c t i o n f a c i l i t i e s . T h e y w e r e f i r s t f a b r i c a t e d i n t o 1 2 0 

m m ( I - i n g o t s ) a n d 8 0 m m s q u a r e s ( L - i n g o t s ) b y h o t - r o l l -

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

T h e n , t h e s q u a r e s w e r e h o t - r o l l e d t o 2 2 m m b a r s , o n 

e i t h e r a c o n t i n u o u s ( 1 2 0 m m s q u a r e s ) o r a c r o s s - c o u n t r y 

( 8 0 m m s q u a r e s ) b a r m i l i , u s i n g t h e c o n v e n t i o n a l r o l l i n g 

p r a c t i c e , w h i c h i n v o l v e d s o a k i n g a t 1 1 5 0 ° C a n d f i n i s h -

r o l l i n g a b o v e 9 5 0 ° C . 

2.3 Testing 

R o o m t e m p e r a t u r e p r o p e r t i e s a r e e v a l u a t e d f r o m 

r o u n d t e n s i l e 0 » = 4 0 m m ; d o = 8 m m ) a n d s t a n d a r d 

C h a r p y V - n o t c h ( C V N ) l o n g i t u d i n a l s p e c i m e n s , w h i c h 

w e r e t a k e n m i d - r a d i u s f r o m t h e a s - r o l l e d b a r s . A f e w i m -

p a c t t e s t s w e r e r u n a t - 5 0 ° C . C o n v e n t i o n a l m e t a l -

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

s t r u c t u r e . 

3 RESULTS 

3.1 Structure 

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

l y g o n a l F e r r i t e ( P F - P - N P F ) s t r u c t u r e , w i t h v a r y i n g 

a m o u n t o f N P F , i s d e v e l o p e d i n t h e a s - h o t r o l l e d b a r s . 

A c i c u l a r F e r r i t e ( A F ) a n d c l a s s i c a l B a i n i t e S h e a v e s ( B S ) 

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

a l o v v ( < 3 0 % ) a n d a h i g h ( > 4 0 % ) f r a c t i o n o f N P F ( t o b e 

r e f e r r e d t o a s P F - P - A F a n d P F - P - B S s t e e l s ) , r e s p e c t i v e l y . 

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

v v h i c h r a d i a t e i n m a n y d i r e c t i o n s , r e f e r r e d t o a s A F , a r e 

s h o v v n i n Figure la , a n d a s a p a r t o f P F - P - A F s t r u c t u r e , 

i n Figure lb . T h e f o r m e r a u s t e n i t e g r a i n b o u n d a r i e s a r e 

d e c o r a t e d b y G r a i n B o u n d a r y I d i o m o r p h s ( G B I ) i n F i g -

u r e l a , b u t G r a i n B o u n d a r y A l o t r i o m o r p h s ( G B A ) o r 

W i d m a n s t a t t e n S i d e p l a t e s ( W S P ) a r e a l s o f r e q u e n t l y o b -

s e r v e d 2 0 . G r a i n b o u n d a r y n u c l e a t e d p a r a l l e l f e r r i t e p l a t e s , 

r e f e r r e d t o a s B S , a r e s h o v v n i n Figure 2a, a n d a s a p a r t 

o f a P F - P - B S s t r u c t u r e , i n Figure 2b. 

A F i s d o m i n a n t N P F m o r p h o l o g y i n s t e e l s v v i t h c o m -

p o s i t i o n v v i t h i n t h e l i m i t s g i v e n i n Table 1, v v h i l e a h i g h 

f r a c t i o n o f B S i s p r o m o t e d b y i n c r e a s i n g M n , C r a n d M o 

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

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

v a r i o u s p r o p o r t i o n s . I n P F - P - A F s t e e l s , t h e a d d i t i o n o f T i 

i n c r e a s e s t h e A F / B S r a t i o ( T i a d d i t i o n a l s o r e f i n e s t h e 

P F - g r a i n a n d P - c o l o n y s i z e ) . I n P F - P - B S s t e e l s t h e 

B S / A F r a t i o d e p e n d s u p o n t h e a l l o y i n g a d d i t i o n . T h u s , 

i n 0 . 5 7 % C r a n d 0 . 2 1 % M o s t e e l s , B S c o e x i s t v v i t h a d e -

t e c t a b l e f r a c t i o n o f A F (Figure 3a), v v h i l e i n 1 . 7 2 / 1 . 7 7 % 

M n s t e e l s B S a r e t h e o n l y m o r p h o l o g y p r e s e n t (Figure 
3 b ) . A l i t h r e e s t e e l s a r e L - c a s t a n d T i - t r e a t e d , b u t t h e t v v o 

l a t t e r a r e v i r t u a l l y f r e e o f P F a n d P . 

3.2 Structure-Propert>• Relationship 

S t r e n g t h a n d I m p a c t P r o p e r t i e s ( Y S = Y i e l d S t r e n g t h ; 

T S = T e n s i l e S t r e n g t h ; C V N 2 0 = C h a r p y V - N o t c h i m p a c t 

e n e r g y a t 2 0 ° C ) a r e , i n t e r m s o f N P F f r a c t i o n , s h o v v n i n 

Figures 4a and 4b, r e s p e c t i v e l y . E a c h d a t a p o i n t r e p r e -

s e n t s a n a v e r a g e o f t v v o ( s t r e n g t h ) a n d t h r e e t o five t e s t s 

( t o u g h n e s s ) . T h e T S r e m a i n s v i r t u a l l y u n c h a n g e d v v i t h 

i n c r e a s i n g f r a c t i o n o f N P F u p t o a b o u t 7 0 % a n d t h e n 

Figure 1: (a) Acicular Ferrite (AF), Grain Boundary Idiomorphs (GBI) 
and Pearlite(P); (b) Polygonal Ferrite-Pearlite-Acicular Ferrite 
(PF-P-AF) 
Slika 1: (a) Acikularni ferit (AF), idiomorfi (GBI) in perlit (P) po 
kristalnih mejah; (b) poligonalni ferit perlit - acikularni ferit 
(PF-A-AF) 



Figure 2: (a) Bainite Sheaves (BS); (b) Polygonal Ferrite-Pearlite-
Bainite Sheaves (PF-P-BS) 
Slika 2: (a) Bainitni snopi (BS); (b) poligonalni ferit perlit - bainitni 
snopi (PF-B-BS) 

Figure 3: (a) Bainite Sheaves (BS) and Acicular Ferrite (AF); (b) 
Bainite Sheaves (BS) 
Slika 3: (a) Bainitni snopi (B) in acikularni ferit (AF); (b) bainitni 
snopi (BS) 

s l i g h t l y i n c r e a s e s , v v h i l e t h e Y S f i r s t d e c r e a s e s a n d t h a n , 

a t 3 0 - 4 0 % o f N P F , a t t a i n a c o n s t a n t l e v e l . T h e s e c h a n g e s 

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

m o r p h o l o g y o f N P F ( A F = o p e n s y m b o l s ; B S = c l o s e d 

s y m b o l s , i n Figure 4). A r e l a t i v e l y b r o a d s c a t t e r b a n d i n 

Figure 4a i s p r e s u m a b l y a r e f l e c t i o n o f s m a l l v a r i a t i o n s 

i n c o m p o s i t i o n . F o r i n s t a n c e , d e c r e a s i n g C f r o m 0 . 3 % t o 

0 . 2 % p r o d u c e s a d r o p i n Y S a n d T S f r o m 6 0 0 / 6 5 0 t o 

5 5 0 / 6 0 0 a n d f r o m 9 0 0 / 9 5 0 t o 8 0 0 / 8 5 0 M P a , r e s p e c t i v e l y . 

M o r e o v e r T i , C r a n d M n p r o d u c e a n e f f e c t v v h i c h c a n b e 

d i s c r i m i n a t e d v v i t h i n t h e s c a t t e r - b a n d i t s e l f . T h u s , T i - f r e e 

P F - P - A F s t e e l s (Region la ) e x h i b i t a h i g h e r s t r e n g t h 

l e v e l t h e n T i - b e a r i n g s t e e l s (Region lb), v v h i l e 0 . 5 7 % C r 

P F - P - B S a n d 1 . 7 2 / 1 . 7 7 % M n B - s t e e l s (Region 2a) e x -

h i b i t a h i g h e r T S l e v e l ( 1 0 5 0 / 1 1 0 0 a n d 1 1 5 0 / 1 2 0 0 M P a , 

r e s p e c t i v e l y ) t h a n t h e o t h e r P F - P - B S g r a d e s (Region 
2b). 

D a t a o f Figure 4b s h o v v t h a t a n i n c r e a s e i n i m p a c t 

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

a p r o n o u n c e d d r o p o n p a s s i n g f r o m A F d o m i n a t e d - R e -

gion 1 t o B S d o m i n a t e d - Region 2. W i t h i n t h e P F - P - A F 

Region l c , t h e e n e r g y a t t a i n s a l e v e l o f 6 5 / 7 5 J a t 2 0 ° C 

( 3 3 J a t - 5 0 ° C ) , c o r r e s p o n d i n g t o Y S = 5 5 0 / 6 0 0 M P a a n d 

T S = 8 0 0 / 8 5 0 M P a ; a n d v v i t h i n t h e Region lb, a l e v e l o f 

4 0 / 5 0 J a t 2 0 ° C ( 3 2 J a t - 5 0 ° C ) , c o r r e s p o n d i n g t o Y S = 

6 0 0 / 6 5 0 M P a a n d T S = 9 0 0 / 9 5 0 M P a , i n 0 . 2 % C / 1 0 % 

A F a n d 0 . 3 % C / 3 0 % A F s t e e l s , r e s p e c t i v e l y . B o t h s t e e l s 

a r e L - c a s t a n d T i - t r e a t e d . I n g e n e r a l , t h e L - c a s t / T i -

t r e a t e d s t e e l s e x h i b i t a h i g h e r i m p a c t e n e r g y l e v e l ( + T i 

b a n d i n Figure 4b) t h a n t h e T i - f r e e s t e e l s ( - T i b a n d ) . T h e 

I - c a s t / T i - t r e a t e d s t e e l s t a k e a n i n t e r m e d i a t e p o s i t i o n 

( o p e n s q u a r e s ) . W i t h i n t h e P F - P - B S Region 2, t h e e n -

e r g y a t t a i n s a l e v e l o f 3 0 / 3 5 J a t 2 0 ° C ( 2 5 / 3 0 J a t - 2 0 ° C ) , 

c o r r e s p o n d i n g t o Y S = 6 0 0 M P a a n d T S = 1 0 5 0 / 1 1 0 0 

M P a ; a n d v v i t h i n t h e Region 2c, a l e v e l o f 1 5 / 2 5 J a t 

2 0 ° C , c o r r e s p o n d i n g t o Y S = 5 5 0 / 6 0 0 M P a a n d T S = 

1 1 5 0 / 1 2 0 0 M P a , i n 0 . 5 7 % C r / 7 0 % B S a n d 1 . 7 5 % 

M n / 9 8 % B S s t e e l s , r e s p e c t i v e l y . I n 0 . 5 7 % C r s t e e l , i n 

a d d i t i o n t o B S , t h e N P F m o r p h o l o g y c o m p r i s e s a d e t e c t -

a b l e f r a c t i o n o f A F (Figure 3a), v v h i l e i n 1 . 7 5 % M n 

s t e e l s , B S i s t h e o n l y N P F m o r p h o l o g y p r e s e n t (Figure 
3b). 

4 DISCUSSION 

4.1 Structure 

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

i e d i n t h i s v v o r k s e e m s t o b e d e c i s i v e i n c o n t r o l l i n g n o t 

5 3 5 
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Figure 4: (a) Yield Strength (YS) and Tensile Strength (TS) as a 
Function of Non-Polygonal Ferrite (NPF) Fraction; (b) Charpy 
V-Notch Impact Energy at 20 (CVNzo) as a Function of NPF Fraction 
(PF = Polygonal Ferrite; P = Pearlite; AF = Acicular Ferrite; BS -
Bainite Sheaves; L = L-Cast Ingots; I = I Cast-Ingots; +Ti = Ti-Bearing 
Steels; -Ti = Ti-Free Steels) 
Slika 4: (a) Meja plastičnosti (YS) in natezna trdnost (TS) v odvisnosti 
od deleža ne poligonalnega ferita (NPF); (b) Charpy V udarna energija 
pri 20°C (CVN20) v odvisnosti od deleža NPF (PF - poligonalm fent, 
P - perlit, AF - acikularni ferit, BS - bainitni snopi, L-L - liti ingoti, I-I 
- liti ingoti, +Ti - jekla s Ti, -Ti - jekla brez Ti) 

o n l y t h e f r a c t i o n o f N P F b u t , t o g e t h e r v v i t h i n c l u s i o n s , i t s 

m o r p h o l o g y a l s o . 

T h u s , t h e A F , v v h i c h i s a s s u m e d t o b e e i t h e r i n t r a -

g r a n u l a r y n u c l e a t e d b a i n i t e 2 2 o r W i d m a n s t a t t e n f e r r i t e 2 3 , 

t o g e t h e r v v i t h v a r i o u s p r o p o r t i o n s o f P F ( e . g . G r a i n 

B o u n d a r y I d i o m o r p h s , G B I ) a n d p e a r l i t e , P (Figure 1), 
i s p r o d u c e d i n P F - P - A F g r a d e s , v v i t h a r e l a t i v e l y l o w h a r -

d e n a b i l i t y ( < 3 0 % N P F ) . T h e G r a i n B o u n d a r y F e r r i t e 

( G B F ) i s a s s u m e d 2 4 t o r e n d e r a u s t e n i t e g r a i n b o u n d a r i e s 

i n a c t i v e i n r e s p e c t t o i n t e r g r a n u l a r n u c l e a t i o n o f B S , 

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

o n T i N o r M n S i n c l u s i o n s 2 0 . T h e n u c l e a t i o n p o t e n t i a l o f 

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

d i s p e r s i o n , i . e . v v i t h t h e i r n u m b e r , s i z e a n d s p a c i n g 2 2 - 2 5 ' 2 9 . 

F o r e x a m p l e , a l o w d e g r e e o f m i s f i t b e t v v e e n t h e f e r r i t e 

m a t r i x a n d t h e s u b s t r a t e c r y s t a l l a t t i c e i s a s s u m e d 2 5 " 3 1 t o 

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

f o r e , T i N v v i t h a m i s f i t r a t i o o f 3 . 8 2 7 s h o u l d b e m u c h 

m o r e e f f e c t i v e t h a n M n S v v i t h m i s f i t r a t i o o f 8 . 8 2 5 . T h i s 

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

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

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

b e e q u a l l y p o t e n t n u c l e a t i o n s i t e s ) t h a n i n T i - f r e e ( h i g h 

S ) s t e e l s . H o v v e v e r , i n s t e e l s v v i t h h i g h V a n d N , V N p a r -

t i c l e s c a n b e p r e c i p i t a t e d o n M n S , b e f o r e a u s t e n i t e i s 

t r a n s f o r m e d t o f e r r i t e 3 0 3 1 . S i n c e t h e m i s f i t r a t i o o f V N , 

e s t i m a t e d a t 1 . 3 f o r ( 0 0 1 ) p l a n e 2 7 , i s l o v v e r t h a n t h a t o f 

T i N , t h e f o r m e r p a r t i c l e s , i . e . M n S c o a t e d b y V N , s h o u l d 

b e m o r e p o t e n t n u c l e a t i o n s i t e s f o r A F . W h i l e t h e e f f e c t 

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

t h a t t h e f r a c t i o n o f A F i s h i g h e r i n h i g h - S t h a n i n l o v v -

S / T i - f r e e s t e e l s . 

T h e B S a r e p r o d u c e d i n P F - P - B S g r a d e s v v i t h r e l a -

t i v e n h i g h h a r d e n a b i l i t y ( > 4 0 % N P F ) . T h e n u c l e a t i o n o f 

G B F i s c o n s i d e r a b l y s u p p r e s s e d , a n d a n a b r u p t t r a n s i t i o n 

f r o m A F d o m i n a t e d t o B S d o m i n a t e d N P F m o r p h o l o g y 

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

T h i s s u p p o r t s t h e a s s u m p t i o n t h a t r e m o v a l o f G B F f r e e s 

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

g r a n u l a r A F . 

4.2 Properties 

V i f l H a n d T e n s i | p . S t r p n i h ( Y S . T S V I t i s v v e l l k n o v v n 

( e . g . 6 8 ) t h a t t h e Y S o f P o l y g o n a l F e r r i t e - P e a r l i t e ( P F - P ) 

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

s t r e n g t h e n i n g i s o b t a i n e d b y p r e c i p i t a t i o n o f V ( C , N ) 

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

c r e a s e s v v i t h d e c r e a s i n g N - c o n t e n t . I n T i - b e a r i n g P F - P -

A F s t e e l s t e s t e d i n t h i s v v o r k , T i f o r m s n i t r i d e p a r t i c l e s 

v v h i c h r e d u c e t h e N a v a i l a b l e f o r V N p r e c i p i t a t i o n a n d 

h e n c e , r e d u c e ( f r o m Region la t o l b i n Figure 4a) t h e 

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

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

d u c e s t h e Y S , a s s h o v v n i n Figure 4a, d u e t o s u p p r e s s i o n 

o f p r e c i p i t a t i o n v v i t h i n t h e N P F p h a s e ( e . g . 8 1 1 ) . H o v v e v e r , 

t h e T S i s m a i n t a i n e d a t t h e s a m e l e v e l (Region 1), a n d 

e v e n i n c r e a s e s (Region 2a) i n s o m e s t e e l s . T h i s l a t t e r 

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

i n g r a t e i m p o s e d b y b a i n i t e 3 2 . 

r V N , „ I m p a c t T o n p h n e s s ( C V N . n ) , T h e p r e s e n t r e -

s u l t s , t o g e t h e r v v i t h d a t a p r e s e n t e d i n p r e v i o u s p a p e r s 2 0 ' 2 1 , 

i n d i c a t e t h a t A F a n d B S a r e b e n e f i c i a l a n d d e t r i m e n t a l t o 

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

b a i n i t e s c a n b e r e l a t e d t o t h e c l e a v a g e f a c e t s i z e 3 3 , v v h i c h 

i n t h e p r e s e n t s t e e l s c a n b e r e l a t e d t o e i t h e r A F - p l a t e o r 

B S - p a c k e t s i z e . A F - p l a t e s g i v e r i s e t o a f i n e r f a c e t s i z e , 

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

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

l i t t l e e f f e c t , s i n c e t h e c l e a v a g e c r a c k i s d e f l e c t e d a t t h e 

s h e a f a n d n o t a t t h e l a t h b o u n d a r y 3 3 ) , c o n t a i n c o a r s e m -

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

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

T h e T i - b e a r i n g P F - P - A F s t e e l s (Region l b i n Figure 
4 b ) e x h i b i t a c o n s i d e r a b l y h i g h e r t o u g h n e s s i n c o m p a r i -

s o n t o T i - f r e e s t e e l s (Region la). T h i s i s b e c a u s e t h e P F -

g r a i n a n d P - c o l o n y s i z e i s f i n e r a n d t h e A F f r a c t i o n i s 

p r e s u m a b l y h i g h e r i n T i - b e a r i n g s t e e l s v v h i c h c o n t a i n 
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Figure S: Tensile Strength (TS) vs. Charpy V-Notch Impact Energy 
(CVN20 = 20°C; CVN.50 = -50°C) of Conventionally Hot Rolled 
0.2-0.5% C Polygonal Ferrite-Pearlite (PF-P), and 0.2-0.3% C 
Polygonal Ferrite-Pearlite-Acicular Ferrite (PF-P-AF) and Polygonal 
Ferrite- Pearlite- Bainite Sheaves (PF-P-BS) Bar Steels 
Slika 5: Natezna trdnost (TS) v odvisnosti od Charpy V udarne 
energije (CVN20 = 20°C CVN50 = 50°C) pri konvencionalno vroče 
valjanih 0.2 - 0.5% C poligonalni ferit perlit (PF-P) in 0.2 - 0.3% C 
poiigonalni ferit perlit - acikularni ferit (PF-P-AF) in poligonalni ferit 
perlit - bainitni snopi (PF-P-BS) jeklenih palicah 

f i n e T i N p a r t i c l e s . T h e r o l e o f p a r t i c l e s i s t v v o f o l d , first 

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

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

o f A F . H o v v e v e r , T i - b e a r i n g / I - c a s t s t e e l s e x h i b i t a l o v v e r 

t o u g h n e s s t h a n T i - b e a r i n g / L - c a s t s t e e l s , i n s p i t e o f A F i s 

a d o m i n a n t N P F m o r p h o l o g y i n b o t h . C o a r s e r T i N p a r t i -

c l e s i n I - c a s t s t e e l s a r e n o t a s e f f e c t i v e i n p i n n i n g 

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

s t e e l s a n d l e a d t o a c o a r s e r a u s t e n i t e g r a i n , a n d c o n s e -

q u e n t l y c o a r s e r P F - g r a i n a n d P - c o l o n y s i z e . 

5 CONCLUDING REMARKS 

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

p h a s e P o l y g o n a l F e r r i t e - P e a r l i t e - N o n P o l y g o n a l F e r r i t e 

( P F - P - N P F ) m i c r o a l l o y e d T i - b e a r i n g s t e e l s , t e s t e d i n t h i s 

v v o r k ( c l o s e d a n d s h a d e d s y m b o l s i n Figure 5), e x h i b i t 

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

t i o n a l ^ h o t r o l l e d P o l y g o n a I F e r r i t e - P e a r l i t e ( P F - P ) 

s t e e l s ( o p e n s y m b o l s ) , t e s t e d p r e v i o u s l y ( e . g . 1 8 - 1 9 ) . 

T h e 0 . 2 % C / 1 0 % A F a n d 0 . 3 % C / 3 0 % A F P F - P - A F 

s t e e l s , b a s e d o n a 1 . 5 % M n - 0 . 1 % V - 0 . 0 1 % T i c o m p o -

s i t i o n , v v i t h a n i m p a c t e n e r g y l e v e l o f 6 5 / 7 5 J a n d 4 0 / 5 0 

J a t 2 0 ° C ( 3 3 a n d 3 2 J a t - 5 0 ° C ) , a n d t e n s i l e s t r e n g t h 

l e v e l o f 8 0 0 / 8 5 0 M P a a n d 9 0 0 / 9 5 0 M P a r e s p e c t i v e l y , c a n 

r e p l a c e Q & T s t e e l s v v h i c h c u r r e n t l y a c h i e v e t h e s e p r o p -

e r t y l e v e l s . 

T h e u s e o f a h i g h e r C r o r M n c o n t e n t s g i v e r i s e t o 

P F - P - B S s t r u c t u r e v v i t h 7 0 - 9 8 % B S a n d i n c r e a s e d t e n s i l e 

s t r e n g t h l e v e l u p t o 1 0 5 0 / 1 2 0 0 M P a a t t h e e x p e n s e o f r e -

d u c e d t o u g h n e s s . 
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