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D i r e c t i o n a l i t y  of m e c h a n i c a l  p r o p e r t i e s - - s u c h  a s  toughness  and bend  f o r m a b i l i t y - - i s  t y p i c a l  
of hot r o l l e d  s t e e l s  p r o c e s s e d  on mode rn ,  hot  s t r i p  m i l l s .  In a l u m i n u m  k i l l ed  s t e e l s ,  d i r e c -  
t iona l i ty  r e s u l t s  m a i n l y  f rom e longa ted  ( type H) m a n g a n e s e  su l f ide  inc lus ions .  D i r e c t i o n a l -  
i ty can be  r educed  by  r e t a i n i n g  the o r i g i n a l  g lobu la r  shape  of the p r e c i p i t a t e d  su l f ides .  Th i s  
can be a c c o m p l i s h e d  by p r o m o t i n g  the f o r m a t i o n  of su l f ides  which a r e  m o r e  s t ab le  and 
have a h igher  m e l t i n g  point  than that  of m a n g a n e s e  sul f ide .  T h e r m o d y n a m i c  c o n s i d e r a t i o n s  
indica te  that  add i t ions  of Ti, Z r ,  Ca, Mg, and r a r e  e a r t h s  a r e  s u i t a b l e  for  th i s  pu rpose .  
E x p e r i m e n t a l  work  on l a b o r a t o r y  hea t s  con ta in ing  0.020 to 0.25 p c t  S involved main ly  a d d i -  
t ions  of r a r e  e a r t h s  ( m i s c h m e t a l  o r  s i l i c i d e s )  to a V-A1-N high s t r eng th ,  low al loy s t ee l .  
Other  s t r ong  sulf ide  f o r m e r s  we re  not u t i l i z e d  e i t he r  b e c a u s e  of too  high vapor  p r e s s u r e  at  
s t e e l m a k i n g  t e m p e r a t u r e s  o r  b e c a u s e  of t h e i r  s t r ong  in t e r ac t ion  with  n i t rogen .  F o r  c e r i u m  
contents  of 0.03 to 0.04 pct ,  the shape of i nc lus ions ,  ident i f ied  a s  r a r e  e a r t h  su l f ides ,  was  
g lobula r .  Cont ro l  of su l f ide  shape  con t r ibu t ed  to a m a r k e d  i m p r o v e m e n t  in toughness  and 
f o r m a b i l i t y  of s t e e l  in the d i r e c t i o n  t r a n s v e r s e  to the ro l l i ng  d i r e c t i o n .  The r e s u l t s  have 
been  v e r i f i e d  in ful l  s c a l e  p lan t  t r i a l s .  

AMONG s t r u c t u r a l  s t e e l s ,  the  f ami ly  of hot r o l l e d  
high s t r e n g t h  low al loy (HSLA) s t e e l s ,  with g u a r a n t e e d  
m i n i m u m  y ie ld  s t r e n g t h s  f r o m  45,000 to 80,000 ps i ,  
shows a m o s t  r e m a r k a b l e  growth .  ~ In deve lop ing  t h e s e  
s t e e l s ,  s t r eng th  i s  only one of the  p r o p e r t i e s  c o n s i d -  
e r ed .  To sa t i s fy  d i v e r s i f i e d  c u s t o m e r  r e q u i r e m e n t s  
and be  compe t i t i ve ,  a ' % a l a n c e d  package  of p r o p e r t i e s "  
m u s t  be of fered ,  Table  I. 

Two of these  p r o p e r t i e s - - t o u g h n e s s  and bend f o r m a -  
b i l i t y - - a r e  a d v e r s e l y  a f f ec t ed  by i nc lu s ions  e longa ted  
du r ing  hot ro i l ing .  Fig .  1 i l l u s t r a t e s  th i s  ef fec t  on 
toughness ;  i m p a c t  c u r v e s  a r e  p lo t ted  for  both long i tu -  
d ina l  and t r a n s v e r s e  Charpy  V-notch ,  1/2 s i ze  s p e c i -  
m e n s .  In longi tud ina l  s p e c i m e n s ,  the i m p a c t  ene rgy  at  
100 p c t  s h e a r ,  commonly  c a l l e d  the she l f  ene rgy ,  i s  in 
e x c e s s  of 40 f t - lb ;  in t r a n s v e r s e  s p e c i m e n s ,  i t  i s  15 
R - l b .  Th i s  d i f f e r ence  i s  c a u s e d  p r i m a r i l y  by the p r e s -  
ence  of e longa ted  inc lus ions  which  a r e  o r i en t ed  p a r a l -  
l e l  to  the  p lane  of f r a c t u r e  in the  t r a n s v e r s e  s p e c i -  
m e n s .  F ig .  2 shows the e f fec t  of e longa ted  i nc lu s ions  
on bend  f o r m a b i l i t y .  In t r a n s v e r s e  s p e c i m e n s  (bend 
ax i s  p a r a l l e l  to the ro l l i ng  d i r e c t i o n ) ,  s e v e r e  c r a c k s  
a p p e a r  in a s a m p l e  bent  o v e r  a r a d i u s  equal  to two 
t i m e s  the p la te  t h i cknes s ,  but  in a longi tud ina l  s p e c i -  
men  ben t  ove r  the  s a m e  r a d i u s ,  no c r a c k i n g  o c c u r s .  

Th i s  e f fec t  of d i r e c t i o n a l i t y  caused  by f la t ,  e l o n g a -  
ted i nc lu s ions  was  h ighl ighted  dur ing  the d e v e l o p m e n t  
of an 80,000 ps i  y i e ld  s t r e n g t h  low a l loy  s tee l .  The 
s t e e l  was  an a luminum k i l l ed ,  M n - V - N  type ,  in which  
the p r e d o m i n a n t  i nc lus ions  w e r e  ident i f ied  as  m a n g a -  
nese  su l f ides .  To a s s u r e  an adequa te  bend fo rming  
p e r f o r m a n c e ,  the su l fur  con ten t  was  l owered  to  a p p r o x -  
i m a t e l y  0.010 pc t  by c a r e f u l l y  c o n t r o l l e d  s t e e l m a k i n g  
p r a c t i c e s .  F o r  s o m e  advanced  p a r t  d e s i g n s  however ,  
i t  was  d e s i r a b l e  to develop  bend f o r m i n g  p e r f o r m a n c e  
c o m p a r a b l e  to tha t  of mi ld  s t e e l .  
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Table I. Balanced Package of Properties for High Strength Low Alloy Steels 

1) Strength 
2) Formability 
3) Weldability 
4) Fatigue Resistance 
5) Toughness 
6) Corrosion Resistance 
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Fig. 1--Typical impact curves for high strength low alloy 
steel. These curves were determined on Charpy V-notch 
0 /2  size) specimens machined parallel  (longitudinal) and 
perpendicular (transverse) to the rolling direction. The di- 
rectionality is i l lustrated by comparing the longitudinal shelf 
energy (44 ft-lb) with the t ransverse shelf energy (15 ft-lb). 

To ach ieve  t h i s  ob jec t ive ,  s e v e r a l  m e t h o d s  of m i n i -  
miz ing  the h a r m f u l  ef fec t  of the p l a s t i c  m a n g a n e s e  
su l f ides  were  c o n s i d e r e d .  In the a s  c a s t  condi t ion,  
t he se  inc lus ions  be long  to the  type H m a n g a n e s e  su l -  
f ides  d e s c r i b e d  p r e v i o u s l y  by S ims .  2 Dur ing  hot ro l l i ng ,  
the m a j o r  f a c t o r  affect ing the p l a s t i c i t y  of m a n g a n e s e  
b a s e d  su l f ides  i s  the oxygen content  of the s t ee l .  As  
s c h e m a t i z e d  in the  le f t  p a r t  of Fig .  3, the  h igher  the 
oxygen,  the l o w e r  the p l a s t i c i t y .  3 However ,  i t  i s  not 
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: excess ive .  In view of these l imi t a t ions ,  fu r the r  con-  
: i  

s i de ra t ion  was r e s t r i c t e d  to the following approaches :  

Fig. 2--Directionality of bend form~/bility in high strength 
low alloy steels. The sample on the right was bent over a 
radius equal to two times plate thickness (T) with the bend 
axis parallel to the rolling direction and exhibits severe 
cracking. The sample on the left was bent over the same ra -  
dius (2 T) with the bend axis perpendicular to the rolling di- 
rection and exhibits no cracking. 
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Fig. 3--Effect of oxygen content, manganese-to-sulfur ratio, 
and sulfide modifier on the plasticity of sulfides during hot 
rolling. 

poss ib le  to take advantage of th is  effect without los ing  
the benef i t  of the cont ro l led  oxide morphology a s s o c i -  
ated with a luminum kil led s t ee l s .  In these s tee l s ,  the 
oxide morphology is  well  con t ro l led  in con t r a s t  to s i l i -  
con deoxidized s tee l s  where  l a rge ,  low mel t ing  point ,  
manganese  s i l i ca tes  p r e s e n t  a p rob lem.  As shown in 
Fig.  3, at low oxygen leve l s ,  the p las t ic i ty  of the su l -  
fide is  a lso  affected to some extent  by the manganese  
to su l fu r  r a t io  of the s teel .  4 The s m a l l e r  this  ra t io ,  
the lower  the plas t ic i ty .  Thus ,  inc lus ions  which a re  
l e s s  suscep t ib le  to deformat ion  can be obtained by de-  
c r e a s i n g  the manganese  a n d / o r  i n c r e a s i n g  the su l fur .  
However,  manganese  p rov ides  s ign i f ican t  solut ion 
s t r eng then ing  and low sul fur  l eve l s  axe r equ i r ed  to 
e n s u r e  that  the size and n u m b e r  of inc lus ions  a re  not  

1) Reduct ion in Quantity and Size of 
Inc lus ions  

This  can be accompl i shed  by a f u r t h e r  reduc t ion  in 
the su l fur  content .  To reduce d i r ec t iona l i t y  of p r o p e r -  
t ies  to an accep tab le  level  would r e q u i r e  su l fur  l eve l s  
of l e s s  than 0.005 pct.  For  low cost high s t rength  low 
alloy s tee l s ,  this  i s  cu r r en t ly  uneconomica l .  

2) Modif icat ion of Inclus ion Morphology 

a) The shape of manganese  sulfide i nc lu s ions  can be 
par t i a l ly  a l t e red  by c ros s  ro l l ing .  This  method is  be-  
ing used on pla te  m i l l s  for producing high qual i ty steel .  
Even when this  technique is  used,  the sul f ide  shape 
control  is. incomple te  s ince inc lus ions  s t i l l  r e t a in  a 
b iaxia l  eUipsoidal  shape. F u r t h e r m o r e ,  c r o s s  ro l l ing  
on mode rn  cont inuous  hot s t r ip  m i l l s  i s  c u r r en t l y  im-  
p rac t i ca l .  

b) The shape of sulf ide inc lus ions  can be a l t e red  
from elongated to g lobular  by chemica l  means .  This  
is  accompl ished  by adding an e l emen t  which fo rms  a 
high me l t ing  point  sulf ide,  m o r e  s table  than manganese  
sulfide and not as  read i ly  de formable  a t  hot ro l l ing  
t e m p e r a t u r e s .  As the concent ra t ion  of the sulfide mod-  
i f ier  i n c r e a s e s ,  the amount  of elongated MnS formed 
gradual ly  d e c r e a s e s ,  unt i l  the elongated sulf ides  a re  
completely  r ep l aced  by more  s table,  g lobu la r  or 
blocky inc lus ions .  The re la t ionsh ip  be tween  sulfide 
morphology and inc lus ion  p las t ic i ty  is  shown schema-  
t ical ly  in the r igh t  hand por t ion  of Fig.  3. This  ap-  
proach based on chemica l  cont ro l  has been  adopted in 
the p r e s e n t  inves t iga t ion .  

THEORETICAL ASPECTS 

Although the t h e r m o d y n a m i c  data a r e  l imi ted ,  p r a c -  
t ica l  exper ience  would indicate  that z i r c o n i u m  and 
t i tan ium can be u s e d  to a l te r  sulfide morphology.  
F r o m  the data  of E l l io t t  and Gle i se r ,  s Fig.  4, it  ap-  
pe a r s  that  the e l e m e n t s  magnes ium,  ca l c ium,  and ce-  
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Fig. 4--Standard free energy of formation of various metal 
sulfides. 
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r i u m ,  among  o t h e r s ,  f o rm  s t a b l e  high me l t i ng  po in t  
su l f i de s .  I t  i s  p o s s i b l e  that  e a c h  of these  e l e m e n t s  
could be u s e d  to fo rm sul f ide  i n c l u s i o n s  which would 
not e longa t e  du r ing  hot r o l l i n g .  Befo re  in t roduc ing  
these  a d d i t i v e s  to a spec i f i c  a l l oy  s y s t e m ,  however ,  
o the r  f a c t o r s  m u s t  be c o n s i d e r e d .  F o r  e x a m p l e ,  s i n c e  
the s t e e l  in ques t ion  d e r i v e d  i t s  s t r e n g t h  p r o p e r t i e s  
in p a r t  f r o m  p r e c i p i t a t i o n  of vanad ium ni t . r ides,  i t  w a s  
p o s t u l a t e d ,  in s c r e e n i n g  the p o t e n t i a l  s t r o n g  su l f ide  
f o r m e r s ,  that  the addi t ive  shou ld  have a weak  aff in i ty  
for  n i t r ogen .  In g e n e r a l ,  the fo l lowing c r i t e r i a  a r e  i m -  
p o r t a n t :  i n t e r a c t i o n s  of the a d d i t i o n s  with oxygen,  n i -  
t r ogen ,  and ca rbon ,  s'6 F igs .  5 to 7, a l so  t h e i r  so lub i l i t y  
in m o l t e n  s t ee l ,  vapor  p r e s s u r e ,  a v a i l a b i l i t y ,  and cos t .  
The r e l e v a n c e  of t he se  f a c t o r s  to the v a r i o u s  s t r o n g  
su l f ide  f o r m e r s  wi l l  be d i s c u s s e d  ind iv idua l ly .  

i s  no ev idence  tha t  Z r - C  i n t e r a c t i o n s  a d v e r s e l y  af fec t  
m e c h a n i c a l  p r o p e r t i e s  for  ca rbon  l e v e l s  be low 0.2 pct .  
However ,  at  h i g h e r  ca rbon  l eve l s ,  and f o r  z i r c o n i u m  
c o n c e n t r a t i o n s  in e x c e s s  of 0.1 pct ,  l a th  s h a p e d  c r y s -  
t a l s  of ZrC and Zr4C2S2 can cause  e m b r i t t l e m e n t .  11 
Z i r c o n i u m  is  r e a d i l y  ava i l ab l e ,  and i s  g e n e r a l l y  added 
to deox id ized  s t e e l  in the f o r m  of s c r a p  o r  a s  z i r c o -  
n i u m -  s i l i c i d e .  

2) T i t an ium 

As with z i r c o n i u m ,  p r e d e o x i d a t i o n  of s t e e l  i s  r e -  
qu i r ed  fo r  good r e c o v e r y .  To ach ieve  t h i s  ob jec t ive ,  
p r o t e c t i o n  with a l u m i n u m  a lone  without  the add i t iona l  

1) Zirconium 0 

Historically, zirconium has been used in Germany -I0 
as far back as World War I in order to increase the 
t o u g h n e s s  of a r m o r  p la te .  7 At  tha t  t i m e ,  the m e c h a -  z -20 
n i s m  by which th i s  m i n o r  add i t i on  i m p r o v e d  s t e e l  o ~ 
p r o p e r t i e s  was not  u n d e r s t o o d ,  s Since the  la te  1950 's  ~ - 3 0  

z i r c o n i u m  was  u sed  in s e v e r a l  c o m m e r c i a l  s t e e l s  to 
enhance  p h y s i c a l  p r o p e r t i e s  e s p e c i a l l y  fo r  a p p l i c a t i o n s  c~ -40 
in which  d i r e c t i o n a l i t y  of p r o p e r t i e s  was  c r i t i c a l .  A 
d i s c u s s i o n  of the m e c h a n i s m  involved  in the s u c c e s s -  ~c -50 
ful c o n t r o l  of d i r e c t i o n a l i t y  by z i r c o n i u m  was  pub l i shed  
by L ichy  e l  a l . ,  9 Bucher  e t  a l .  l~ -60 

Z i r c o n i u m  h a s  a high aff in i ty  fo r  oxygen,  Fig .  5, 
and thus  p r e d e o x i d a t i o n  of the  s t e e l  with a luminum -70 
and m a n g a n e s e  i s  e s s e n t i a l  fo r  good r e c o v e r y  of th i s  
add i t ive .  When z i r c o n i u m  is  added  to A1/Mn d e o x i -  - 8 0  

d i z e d  s t e e l ,  i t  wi l l  r e a c t  wi th  n i t r o g e n  be fo re  c o m b i n -  
ing with  su l fur .  M e t a l l o g r a p h i c  ev idence  for  th i s  has  -90 
been  shown by Lichy  e t  a l .  9 The high aff ini ty  of z i r c o -  
nium fo r  n i t rogen ,  and i t s  t endency  to f o r m  c o a r s e  
p a r t i c l e s  p r e c l u d e s  the u s e  of  t h i s  e l e m e n t  in hot  
r o i l e d  s t e e l s  s t r eng thened  by  f ine ly  d i s p e r s e d  n i t r i d e  
p r e c i p i t a t e s .  Desp i t e  the high s t a b i l i t y  of ZrC,  t h e r e  
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F i ~  6--Standardfree  energy of formation of various m e ~ l  
n~rides.  
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ef fec t  of m a n g a n e s e  i s  p r o b a b l y  suf f ic ien t .  12 T i t an ium 
n i t r i d e  i s  l e s s  s t ab le  than z i r c o n i u m  n i t r i d e  and the  
high t e m p e r a t u r e  p r e c i p i t a t e  in s t e e l  i s  g e n e r a l l y  a 
c a r b o n i t r i d e  r a t h e r  than p u r e  n i t r i d e .  A l m o s t  to ta l  
p r e c i p i t a t i o n  of the n i t rogen  m u s t  occur  be fo re  su l f ide  
m o r p h o l o g y  can be changed.  F u r t h e r m o r e ,  the e x a c t  
m e c h a n i s m  by which the change  in sul f ide  m o r p h o l o g y  
t a k e s  p l a c e  i s  s t i l l  u n c e r t a i n  ~s and d i r e c t  subs t i tu t ion  
of m a n g a n e s e  by t i t an ium in the  su l f ide  has  not been  
c l e a r l y  e s t a b l i s h e d .  N e v e r t h e l e s s ,  t i t an ium i s  be ing  
u s e d  c o m m e r c i a l l y  for  su l f ide  shape  con t ro l  in s t e e l .  
However ,  two s ide  e f fec t s  m a y  p r e c l u d e  i t s  use  in 
c e r t a i n  g r a d e s .  F i r s t ,  s ince  t i t an ium c o m b i n e s  wi th  
n i t r o g e n  in the  m o l t e n  s t e e l ,  i t  cannot  be u sed  in s t e e l s  
which  r e l y  on so l id  s t a t e  n i t r i d e  p r e c i p i t a t i o n  for  
s t r eng then ing .  Second,  t i t a n i u m  wi l l  combine  with 
c a r b o n  in the so l id  s t a t e  to f o r m  a c a r b i d e  p r e c i p i t a t e  
which m a y  s t r eng then  the s t e e l .  F ina l l y ,  t h e r e  a r e  i n -  
d i c a t i o n s  tha t  (Ti,  Mn, Fe)4CzS~ p r e c i p i t a t e s  can be 
f o r m e d  ~I'~4'1s and these ,  l ike  the  s i m i l a r  z i r c o n i u m  
compounds  could  cause  e m b r i t t l e m e n t .  L a r g e  s u p p l i e s  
of t i t an ium a r e  ava i l ab l e  at  m o d e r a t e  cos t  but  the r e -  
ac t i v i t y  of t i t an ium with O, S, C, and N m a k e s  an a c -  
c u r a t e  c o n t r o l  of f ina l  p r o p e r t i e s  of HSLA s t e e l s  wi th  
th i s  e l e m e n t  somewha t  d i f f icu l t .  

3) M a g n e s i u m  

T h e r m o d y n a m i c  da t a  i nd i ca t e  tha t  m a g n e s i u m  f o r m s  
a high m e l t i n g  point ,  s t ab le  su l f ide  and has  l i t t l e  t e n -  
dency  fo r  n i t r i de  or  c a r b i d e  fo rma t ion .  Becaus e  of i t s  
low bo i l ing  poin t  (2043~ howeve r ,  addi t ion  of m a g -  
n e s i u m  to mo l t en  s t e e l  i s  h a z a r d o u s  and e x t r e m e l y  
d i f f icu l t .  T h e r e f o r e ,  no f u r t h e r  c o n s i d e r a t i o n  was  
given to  the u se  of th is  e l e m e n t  in the p r e s e n t  s tudy.  

4) Ca l c ium 

The su l f ide  of ca l c ium i s  m o r e  s t ab le  than that  of m a g -  
n e s i u m  and the tendency  fo r  n i t r i d e  o r  c a r b i d e  f o r m a t i o n  
i s  qui te  weak.  The boi l ing  po in t  a t2718~  i s  h igher  than 
that  of m a g n e s i u m ,  al though the so lub i l i t y  in mol t en  
s t e e l  a t  a t m o s p h e r i c  p r e s s u r e  i s  low. Ca lc ium is  
r e a d i l y  a v a i l a b l e  at  m o d e r a t e  cos t ,  and e x p l o r a t o r y  
work  with  th i s  e l e m e n t  was  r e g a r d e d  as  jus t i f i ed .  

5) R a r e  E a r t h s  (Lanthanides)  

The heavy  e l e m e n t s  of g roup  HIA, in p a r t i c u l a r  the  
l a n than ide s ,  commonly  r e f e r r e d  to  a s  r a r e  e a r t h s ,  
f o r m  e x t r e m e l y  s t ab le  su l f i de s  mid oxysu l f ides .  14 The  
m e l t i n g  po in t s  of these  compounds  for  the  m a j o r  r a r e  
e a r t h  e l e m e n t s  a r e  shown as  a funct ion of a tomic  n u m -  
b e r  in F ig .  8. The b e s t  known e l e m e n t  of t h i s  s e r i e s  
i s  c e r i u m  and the me l t i ng  po in t  of i t s  su l f ide ,  CeS, i s  
about  4440~ 

Since the  e a r l y  twen t i e s ,  r a r e  e a r t h s  have  been u s e d  
to i m p r o v e  hot  and cold  f o r m a b i l i t y  of ca rbon ,  a l loy ,  
and s t a i n l e s s  s t e e l s ,  le-ls P r o b l e m s  encoun te red  with  
r a r e  e a r t h  add i t ions ,  i n c o n s i s t e n t  r e c o v e r y  and p o o r  
c l e a n l i n e s s ,  h a m p e r e d  a b r o a d e r  u se  of t h e s e  e l e -  
m e n t s .  1~-21 C e r i u m  f o r m s  an e x t r e m e l y  s t ab l e  oxide ,  
F ig .  5, and th i s  i s  one of the r e a s o n s  for  i t s  poo r  r e -  
c o v e r y  unde r  s t e e l m a k i n g  condi t ions .  F o r  op t imum 

4400 - �9 

i11 
4000 �9 

I-- 

~"  ~REzSs / aM ! 
Q. �9 , \ / 

I -  3600  ~ m~,O~S . 7 - - ~ - - ' "  

""%-,,,% / 

3200 17 5[8 519 610 At. No. 
La Ce Pr Nd 

Approximative % In Mischmetal 
25 50 5 10 

Fig. 8--Melting points of ra re  earth sulfides and oxy-sulfides. 

r e c o v e r y ,  i t  i s  e s s e n t i a l  that  the  s t e e l  be  thorough ly  
deox id ized  p r i o r  to r a r e  e a r t h  addi t ion .  Even  with  the 
combined  e f fec t  of a luminum and m a n g a n e s e ,  some  
f u r t h e r  deox ida t ion  of the s t e e l  by c e r i u m  is  to be e x -  
pec ted .  F r e e  e n e r g i e s  of f o r m a t i o n  of the  n i t r i d e s  
sugges t  that  a l u m i n u m  and c e r i u m  have  s i m i l a r  b e h a -  
v ior .  Since no p r o b l e m s  r e l a t e d  to n i t r i d e  f o r m a t i o n  
have been e n c o u n t e r e d  in the p a s t  with a l u m i n u m  a t  
l e v e l s  t y p i c a l  of k i l l ed  s t e e l s ,  no d i f f i cu l ty  was  a n t i c i -  
pa ted  with r a r e  e a r t h s .  This  a s s u m p t i o n  has  been 
subs t a n t i a t e d  by s e v e r a l  i n v e s t i g a t o r s .  22-2s In view of 
the low f r e e  e n e r g y  of f o r m a t i o n  of r a r e  e a r t h  c a r -  
b ides ,  i t  i s  u n l i k e l y  tha t  c a r b i d e  f o r m a t i o n  would be  a 
p r o b l e m .  6 P a r a d o x i c a l l y ,  " r a r e  e a r t h s "  a r e  p lent i fu l ,  
and these  e l e m e n t s  a r e  m a r k e t e d  m a i n l y  a s  a m i x t u r e  
known a s  m i s c h m e t a l ,  o r  a s  a f e r r u s i l i c i d e  of t he se  
e l e m e n t s .  In t h e s e  f o r m s ,  r a r e  e a r t h s  a r e  the only 
m e t a l s  of g roup  I I IA a v a i l a b l e  fo r  c o m m e r c i a l  u se  in 
s t ee lmak ing ,  and t h e s e  add i t i ves  w e r e  inc luded  in the 
e x p e r i m e n t a l  p r o g r a m .  

6) Othe r  E l e m e n t s  

F r o m  the s t andpo in t  of su l f ide  s t a b i l i t y ,  t h e r e  a r e  
s e v e r a l  o the r  e l e m e n t s  which could be u s e d  for  s u l -  
f ide shape c o n t r o l .  P r a c t i c a l  c o n s i d e r a t i o n s ,  however ,  
p r e c l u d e  t h e i r  u se .  The common e l e m e n t s  f rom group  
IA, such a s  l i t h ium,  sod ium,  and p o t a s s i u m ,  have a 
high vapor  p r e s s u r e ;  the o the r  e l e m e n t s  of the group,  
rub id ium,  c e s i u m ,  and f r a n c i u m ,  a r e  s c a r c e  and e x -  
pens ive .  In g roup  HA, b e r y l l i u m ,  s t r o n t i u m ,  and b a r i -  
um a r e  u n a c c e p t a b l e  f r o m  the s t a n d p o i n t s  of cos t  and 
hea l th  h a z a r d s .  In g roup  I l iA,  e l e m e n t s  o t h e r  than the 
r a r e  e a r t h s  such  a s  s cand ium,  y t t r i u m ,  and the a c t i -  
n ides ,  p a r t i c u l a r l y  u r a n i u m ,  al though a t t r a c t i v e  f r o m  
the s tandpoin t  of t h e i r  p r o p e r t i e s ,  a r e  u n a c c e p t a b l e  
b e c a u s e  of r e s t r i c t e d  a va i l a b i l i t y  and handl ing  h a z a r d s .  

In view of t h e s e  o v e r a l l  c o n s i d e r a t i o n s ,  which  a r e  
s u m m a r i z e d  in F ig .  9, the e x p e r i m e n t a l  p r o g r a m  was  
l i m i t e d  to s t u d i e s  on the inf luence of c a l c i u m  and r a r e  
e a r t h  m e t a l s  on the su l f ide  morpho logy  in a high 
s t r eng th ,  low a l loy  s t e e l  s t r eng thened  by v a n a d i u m -  
n i t r i de  p r e c i p i t a t i o n ~  
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Fig. 9--Potential sulfide formers for HSLA steels. 

EXPERIMENTAL ASPECTS 

1) Melt ing P r o c e d u r e  

The l abora to ry  p r o g r a m  inc luded 27 heats  of bas i c  
compos i t ion  typical  for a V-A1-N* high s t reng th- low 

*Steel of this composition is known under the trade name: VAN-80 steel. 

al loy s t ee l  24 except for su l fur  which was i nc r e a se d  to 
0.020 to 0.025 pct: 

Composition, pet 

C Mn Si P S V A1 N 

0.16 1.30 0.40 0 .008 0.020/0.025 0.11 0 .060 0.017 

Samples 02 02 
Pin Pin 

Time , [ I , I , 
Minutes .�89 0 1 

t t 
Additions AI Electr. 

Mn 

| | 
02 O, 

Pin Pin 

I J I , I , I 

2 ' 3 '  14  i Min' 
l FeSi FeV 

Electr. Sulfide Shape Tap 
Mn+N Control Agent 

Fig. 10--Sequence of additions and sampling for heat made 
at 2880 ~ to 2900~ 
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Fig. 11--Oxygen content of steels at various stages during 
the heat. 

In addi t ion three  heats  were made  in which the su l fur  
content  was about 0.015 pct.  The me l t s  were  produced 
in a 100-1b medium f requence  induct ion furnace ,  u s ing  
m a g n e s i a  c ruc ib le s .  To s i m u l a t e  more  closely the 
condi t ions  l ikely to be encoun te red  in p rac t ice ,  no 
p r ecau t i ons  were  taken to p ro t ec t  the meta l  by a rgon  
shrouding  or vacuum p r o c e s s i n g .  The sequence of ad-  
di t ion,  a f ter  me l t  down of low carbon  sc rap  together  
with some pig i ron  n e c e s s a r y  to a t ta in  the carbon  
spec i f ica t ion  is  shown in Fig.  10. To de t e rmin e  
changes  in the oxygen content  of the s t ee l  at d i f fe ren t  
s tages ,  four suct ion s amp le s  were  taken in the m a -  
jo r i ty  of heats .  The t ime i n t e r v a l  between samples  is  
a lso included in Fig. 10. The fu rnace  was tapped 
within 1�89 min  af ter  the las t  addit ion.  The total  t ime  
lag between the addition of a l u m i n u m  and tap was 
about 5 min.  

Resu l t s  of oxygen d e t e r m i n a t i o n s  by m e a n s  of i ne r t  
gas fus ion ana lys i s  a re  s u m m a r i z e d  in Fig. 11. The 
oxygen contents  before and a f t e r  the r a r e  ear th  addi-  
tion were :  73 and 48 ppm, r e spec t i ve ly  (geometr ic  
average) .  Because  of the very  sho r t  t ime  allowed for 
oxide separa t ion ,  these  va lues  r e p r e s e n t i n g  total  oxy- 
gen a r e  higher  than the e q u i l i b r i u m  values .  The d i s -  
solved oxygen level  in both c a s e s  should be very much 
l e s s  and for  this  r eason ,  the in t e rac t ion  between the 
sulf ide cont ro l  agent  and oxygen should be min ima l .  

The s tee l  was poured  into two 50-1b hot topped s tee l  
cas t ing  molds.  The sma l l  ingot s ize  p romoted  very 
fast  so l id i f ica t ion and prec luded  m o s t  of the flotation 
and segrega t ion  effects  which n o r m a l l y  occur  in com-  
m e r c i a / i n g o t s .  Compared  to la rge  ingot p rac t i ce ,  the 
l abora to ry  e x p e r i m e n t s  offered l e s s  oppor tuni ty  for 
incomple te  mix ing  and s t r e a m  reoxida t ion .  On the 
other hand, the l a b o r a t o r y  e x p e r i m e n t s  were  more  
severe  f rom the s tandpoint  of c l e a n l i ne s s  and degree  
of desu l fur iza t ion .  

Samples  for chemica l  ana lys i s  were  taken f rom the 
tap s t r e a m  in c e r a m i c  and cas t  s tee l  molds .  Severa l  
check ana lyses  made  on the rol led p roduc t  were  in 
good a g r e e me n t  with the l iquid s tee l  s amp le s .  

2) Explora tory  P r o g r a m  

In n ine  p r e l i m i n a r y  heats ,  the effects  of va r ious  
amounts  of CaSi, CaBaSi, Ca(CN)2, m i s c h m e t a l ,  and 
r a r e  ea r th  s i l i c ide  on sulfide shape were  compared  
to a r e f e r e nc e  heat  made without a sulf ide shape con-  
t ro l  agent.  Table  II l i s t s  the sulfide con t ro l  agent,  the 
amount  of addit ion,  and f inal  ana lys i s  of the steel .  Ef-  
for t s  were  made  to max imize  in te rac t ion  between the 
fully deoxidized s tee l  and the volat i le  ca lc ium al loys  
by dividing the addi t ions  into two to four equal  pa r t s ,  
wrapping each lot  in s tee l  foil and plunging to the be t -  
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t o m  o f  t h e  c r u c i b l e  w i t h  a s t e e l  r o d .  E v e n  w i t h  v e r y  

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

C a S i ) ,  m e t a l l o g r a p h i c  e x a m i n a t i o n  r e v e a l e d  t h a t  o n l y  

6 0  p c t  o f  t h e  s u l f i d e s  w e r e  c o n v e r t e d  t o  a g l o b u l a r  

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

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

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

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

e a r t h ,  e f f o r t s  w e r e  c e n t e r e d  o n  t h e  e f f e c t  o f  r a r e  

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

3)  R a r e  E a r t h  E x p e r i m e n t s  

A systematic program o f  twenty-one heats was set 
up in which rare earth was added in two forms: 1) 
mischmetal (containing 50 pct Ce, 25 pct La, 10 pct 
Nd, 5 pct Pr, and other rare earths) and 2) rare earlh 
silicide (containing approximately 35 pct Fe, 30 pct Si, 
and 34 pct rare earths of about the same composition 
as mischmetal). In sulfide formation the other rare 
earth elements presumably react similarly to cerium. 

Table I I. Exploratory Program 

Sulfide Shape Control Addition 

Calcium or 
Heat Amount Added, Rare Earth, 
No. Agent lb./ton lb./ton C Mn 

Composition,* Wt Pct. 

Si S P V A1 N O Ce 

Pct 
Ce Sulfide 

Recovery, Pet Ce[ Shape 
Pet Pet S Control 

1 None - - 0.16 1.27 0.41 0,021 0,010 0.11 0.077 0.013 - 

2 CaSi 18.0 6.5 0.15 1.27 0,39 0.019 0.007 0.11 0.060 0.011 0.005 
3 CaSi 18.0 6.5 0.15 1.32 0.45 0.019 0,007 0.12 0,058 0.017 0.006 

4 CaSi 18,0 6.5 0.063t 1.35 0.44 0.021 0.007 0.11 0,083 0,017 - 
5 Ca(CN)2 3.5 1.5 0.13 1.34 0.42 0.022 0.007 0.11 0,069 0.006 0,003 
6 CaBaSi 20.5 3.5 0.16 1.35 0.43 0.021 0,007 0.11 0.063 0.015 0,003 
7 Mischmetal 0.5 0.5 0.012t 1.19 0.41 0,021 0,008 0.11 0.061 - 0.006 
8 R.E.Si 0,5 0.2 0.15 1.27 0.45 0,021 0.008 0,12 0.079 0.015 0.010 
9 R.E.Si 3.0 1.0 0.15 1.28 0.39 0,022 0.008 0.11 0.062 0.014 0.004 

0.002 
(residual) 

0.004 
(residual) 

0.017 
0.007 
0.020 

m 

30 
60 

- - 50 
- - 20 
- - 40 

100 0.81 60 
I00 0.33 20 
75 0.91 70 

*Calcium less than 0.005 pct for heats 1 to 6. 
tCarbon rimmed out during melting. 
Metallographic estimate. 

Table I I I. Rare Earth Program 

Sulfide Shape 
Control Addition 

Amount 
Heat Added, Rare Earth, 
No. lb./ton lb./ton 

Composition, Wt Pet. 

C Mn Si S P V A1 N O 

Cerium 
Recovery, 

Ce Pct Pet Ce/Pct S 

A) Mischmetal 

10 0.5 0.5 0.14 1.23 0.43 0.022 
11 0.5 0.5 0.16 1.23 0.43 0.021 
12 1.0 1.0 0.16 1.22 0.42 0.021 
13 1.0 1.0 0.16 1.25 0.43 0.021 
14 1.5 1.5 0.16 1.26 0.39 0.020 
15 1.5 1.5 0.15 1.26 0.44 0.025 
16 2.0 2.0 0.15 1.24 0.43 0.021 
17 2.0 2.0 0.16 1.28 0.44 0.020 
18 3.0 3.0 0.16 1.28 0.43 0.021 
19 3.0 3.0 0.16 1.22 0.42 0.020 

B) Rare Earth Silicide 

20 3.0 1.0 O. 17 1.22 0.42 0.022 
21 3.0 1.0 0.15 1.33 0.41 0.024 
22 4.5 1.5 0.16 1,31 0.44 0,022 
23 4.5 1.5 0.15 1.35 0.44 0.021 
24 6.0 2.0 0.15 1.14 0.43 0.019 
25 6.0 2.0 0.16 1.24 0.44 0,019 
26 9.0 3.0 0.16 1.22 0.43 0.020 
27 9.0 3.0 0.16 1.22 0.42 0.019 
28* 2.25 0.75 0.16 1.31 0.38 0.016 
29* 3.00 1.0 0.15 1.31 0.42 0.015 
30* 3.75 1.25 0.15 1.26 0.40 0.015 

0.007 0.11 0.040 0.015 0.008 
0.007 0.11 0.058 0.017 0.006 
0.009 O. 11 0.058 0.014 0.004 
0.008 0.10 0.064 0,015 0.004 
0.009 0.11 0,049 0.015 0.002 
0,008 0.12 0.048 0,015 0.003 
0.005 0.11 0.057 0.018 0.004 
0.007 0.11 0.070 0.018 0.007 
0,005 0,11 0.052 0.018 0.004 
0,006 0.11 0.059 0.017 0.002 

0.011 0.11 0.053 0,015 0,009 
0,010 0.12 0,068 0.015 0,004 
0.011 0.11 0.078 0.016 0,004 
0,011 0.12 0,083 0.017 0.007 
0,005 0.11 0,059 0.017 0.004 
0,007 0.11 0,074 0.020 0.004 
0,007 O. 11 0.049 0.019 0.005 
0,007 0.11 0,042 0.018 0,006 
0,005 0.11 0,110 0.015 0.005 
0,005 0.11 0.110 0.022 0.003 
0.006 0.11 0.120 0,022 0.005 

0.015 1 O0 0.68 
0.009 69 0.43 
0,022 83 1.05 
0,025 94 1.19 
0,030 75 1.50 
0.031 77 1.24 
0.040 75 1.90 
0.042 79 2.10 
0.061 76 2.90 
0.064 80 3.20 

0.025 94 1.14 
0,020 75 0.83 
0,035 87 1.59 
0.034 85 1.62 
0,041 77 2.13 
0.036 68 1.90 
0,057 72 2.85 
0.061 77 3.21 
0,016 80 1.00 
0,026 98 1.74 
0,024 72 1.60 

*Low sulfur heats. 
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The additions used in this part of the program are 
presented in Table III. Each pract ice  was duplicated 
to check reproducibility.  All  e l ements  reported, ex-  
cept for C, N, Ca, and Ce were  determined by spec-  
trographic analysis .  Carbon and nitrogen were deter-  
mined by combustion and wet  chemis try  techniques, 
respect ive ly .  Calcium was determined by atomic ab- 
sorption and found to be l e s s  than 50 ppm in all  ca se s .  
Presuming  that r e c o v e r i e s  would be s imi lar  for all  
the rare  earths,  only total cer ium was analyzed by 
X-ray  f luorescence .  The r e s u l t s  of the cerium analy- 

/ / 
/ /  

700 / /  

600 _d\*/ 
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RARE EARTH CONTENT OF AODITlON(Ib./ton) 
F i g .  1 2 - - C e r i u m  c o n t e n t  o f  s t e e l  f o r  v a r i o u s  l e v e l s  o f  a d d i -  
t i o n .  L i n e s  c o r r e s p o n d  t o  c a l c u l a t e d  r e c o v e r y  l e v e l s .  

s is ,  plotted as  a function of the amount added, Fig. 12, 
show r e c o v e r i e s  ranging f rom 70 to 100 pet.  The ze ro  
reading for r e f e r ence  heats  were  20 to 40 ppm, and 
this causes  r e c o v e r i e s  to appear  s l ightly higher than 
100 pct  in heats  with smal l  additions. 

4) Metal lography and Mechanical  P r o p e r t i e s  

Samples from the top and bottom of each exper imen-  
tal  ingot were hot ro i l ed  to 0.080 in., and sect ions 
taken for  mic roscop ic  evaluation. In addition, samples  
from each heat we re  ro l led  to 0.25 in. on a labora tory  
mil l  designed to s imulate  p rocess ing  on a hot s t r ip  
mill  by control led cooling prac t ice ,  l'zs The la t te r  
samples  were f i n i sh - ro l l ed  at  1650~ cooled rapidly 
(30~ per  see) to 1100~ and then cooled slowly at  
50 ~ per  hr to s imula te  cooling conditions in a la rge  
coil. Mate r ia l  for  tens i le  t es t s ,  longitudinal and t r a n s -  
ve r se  impact  t e s t s ,  and t r a n s ve r s e  bend t e s t s  was 
obtained from each sample.  The p rope r ty  of ma jo r  in- 
t e re s t ,  the shelf  energy,  or  energy at 100 pet  shear  
f rac tu re ,  was obtained by the Charpy V-notch impact  
tes t  using 1/2 s ize  spec imens .  Bend formabi l i ty  was 
also tes ted  for each  sample with the bending axis  
paral le l  to the rol l ing direction. To increase  the s e -  
verity of the bend test ,  the samples  were  sheared 
(rather than machined),  and the shear burr was left 
intact on the tension side of the bend to act as a crack 
starter.  The bend radii  varied from three to one-half 
of the plate th ickness  (3T, 2T, I~T, IT, and 1/2T, T 
being the plate thickness) .  

Table IV. Results of Mechanical Testing and Quantitative Metallography 

Ultimate Pet Total 
Tensile Strength, Elongation, Pct Uniform Shelf Energy*, ft-lb. 

1000 psi 2 in. Elongation 
Heat Sulfide Shape Control Yield Strength, 
No. Addition, lb./ton 1000 psi 

Ferrite Grain Size 
Longitudinal Transverse Pearlite, Pct ASTM No. 

A)Res  

1 None 86 

B)Mischmetal 

10 0.5 81 
11 0.5 85 
12 1.0 85 
13 1.0 85 
14 1.5 86 
15 1.5 87 
16 2.0 76 
17 2.0 76 
18 3.0 79 
19 3.0 82 

C) Rare Earth Silieide 

20 3.0 88 
21 3.0 88 
22 4.5 81 
23 4.5 86 
24 6.0 77 
25 6.0 78 
26 9.0 80 
27 9.0 81 
28t  2.25 76 
29t  3.0 76 
30t  3.75 77 

105 21 10 34 15 15 11.6 

100 25 15 - 20 4 11.4 
102 25 15 40 16 5 11.0 
105 24 14 - 26 7 11.2 
103 23 14 39 27 8 11.3 
104 24 14 37 32 8 10.7 
104 22 15 - 31 10 11.3 
96 28 17 - 28 8 11.0 
96 27 17 38 34 12 10.8 
97 22 14 - 28 8 11.1 
99 24 14 37 25 5 11.0 

105 21 13 - 24 8 11.0 
106 24 14 35 22 7 10.9 
100 21 14 - 32 16 11.4 
103 24 14 37 31 10 11.5 

96 26 16 40 30 9 10.8 
96 25 14 38 30 7 11.2 
97 22 12 38 27 7 11.0 

100 25 14 35 25 10 11.0 
96 26 16 47 32 9 11.2 
95 28 17 44 3 2  8 11.0 
96 25 15 46 35 9 11.0 

*Charpy V-notch, 1/2 size specimens. 
t L o w  sulfur heats. 
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RESULTS AND DISCUSSION 

Because  only 1/3 of r a r e  e a r t h  s i t ic ide  is  r a r e  
ea r th  e l emen t s ,  addi t ions were  th ree  t imes  that of the 
m i s c h m e t a l .  Equiva len t  amoun t s  of r a r e  ear th ,  whether  
added as  s i l ic ide  or m i s c h m e t a l ,  r e su l t ed  in s i m i l a r  
�9 "ecover ies  and s tee l  p e r f o r m a n c e .  

1) M i c r o s t r u c t u r e  

The r a r e  ea r th  addi t ions  had no inf luence on the 
m i c r o s t r u c t u r e  of the s tee l  m a t r i x .  The f e r r i t e  ASTlYl 
g ra in  s ize  number  and p e r c e n t  pea r l i t e  for each of the 
heats  a r e  l i s ted  in Table  IV. The oxide morphology 
was good and no di f ferent  f rom that  of the a luminum 
ki l led  cont ro l  heat. The effect  of r a r e  ea r th  addi t ions  
on the sulf ide morphology is  i l l u s t r a t ed  by the photo- 
m i c r o g r a p h s  shown in Fig.  13. The r e f e r ence  sample ,  
Fig. 13(a),  typif ies  the e longated  sulfide inc lus ions .  
A sample  with Ce/S ra t io  of 1.0 r evea l s  a pa r t i a l  
change in sulf ide shape, Fig.  13(b). Complete sulf ide 
shape cont ro l  was achieved with a Ce/S ra t io  of about  
1.5, Fig.  13(c). These r a t io s  we re  the same  for both 
low and high su l fur  heats.  Inc lus ion  morphology was 

(a) 

g 

(b) 

Q O 

8 

(c) 
Fig. 13--The effect of rare earth additions on sulfide inclu- 
sion morphology. Magnification is indicated by micron scale 
on the photomicrograph. (a) Elongated MnS inclusions in ref- 
erence sample. (b) Partial sulfide shape control in sample 
with pct Ce/pct = 1.0. (c) Complete sulfide shape control in 
sample with pct Ce/pct = 1.5. 

found to be independent  of the pos i t ion  in the ingot and 
rep roduc ib le  in twin heats .  Resu l t s  of m i c r o p r o b e  
ana lys i s  of an e longated ma nga ne se  su l f ide  and a glob-  
u l a r  r a r e  ea r th  sulf ide a re  shown in Fig .  14. In the 
g lobular  sulf ide the re  is no m a n g a n e s e  p r e s e n t ,  only 
r a r e  ea r ths  as  r e p r e s e n t e d  by ce r ium.  At r ecove ry  lev-  
e l s  exper ienced  in th is  p r o g r a m  for  hea t s  with su l fur  
l eve l s  in the r ange  0.020 to 0.025 pct,  a 1�89 lb per  ton 
addit ion of m i s c h m e t a l  or  a 4�89 lb pe r  ton addition of 
r a r e  ear th  s i l i c ide  wil l  provide comple te  sulf ide shape 
control .  

2) Mechanica l  P r o p e r t i e s  

a) TENSILE PROPERTIES 

The r a r e  e a r t h  addi t ions  had no effect  on the t ens i l e  
p r o p e r t i e s  of the s tee l .  The yie ld  s t r eng th ,  u l t ima te  
t ens i l e  s t rength ,  un i f o r m  elongation,  and total  e longa-  
t ion of s p e c i m e n s  p r oc e s se d  f rom each hea t  a re  l i s ted  
in Table IV. The s m a l l  va r i a t ions  in p r o p e r t i e s  a re  
a t t r ibuted  to m i n o r  p r o c e s s i n g  and c h e m i s t r y  v a r i a -  
t ions  and not to r a r e  ear th  addit ions.  

b) TOUGHNESS 

Substant ia l  i m p r o v e m e n t s  were  obta ined in this  
p roper ty  as shown by impact  data l i s ted  in Table IV. 
Effects  of r a r e  e a r t h  addit ion on the shel f  energy a r e  
shown in Fig.  15 which r e p r e s e n t s  a plot  of shelf  en -  
ergy for longi tudina l  and t r a n s v e r s e  impac t  spec imens  
(1/2 s ize  Charpy,  V-notch) vs Ce/S  ra t io .  For  Ce/S  
r a t io s  between 1.5 and 2.0, the t r a n s v e r s e  shelf  energy  
inc rea sed  100 pct,  i .e. ,  f rom 15 to 30 i t - l b .  These r e -  
su i t s  a re  in accord  with the mi c r o sc op i c  obse rva t ions  
which show comple te  change in sulfide morphology 
f rom elongated to globular .  With Ce/S r a t i o s  g r ea t e r  
than 2.00, the t r a n s v e r s e  shelf  energy  a ppe a r s  to de-  
c r e a s e  sl ightly.  The longi tudinal  shelf  ene rgy  was not 
affected by the l eve l  of r a r e  ea r th  addi t ions .  

c) BEND FORMABILITY 

The effect of r a r e  ea r th  addi t ions on bend f o r m a -  
bi l i ty  is  i l l u s t r a t e d  in Fig. 16, The s a m p l e s  were bent  
with the shea r  b u r r  on the tens ion  side of the bend.  
As with impact  p e r f o r m a n c e ,  bend f o r ma b i l i t y  is  d r a -  
ma t i ca l ly  improved  by sulfide shape cont ro l .  The r e f -  
e r ence  s ample  without  r a r e  ea r th  addi t ion comple te ly  
f r ac tu red  when bent  over  a r ad ius  equal  to two t imes  
the plate th ickness  (2T). The samples  with Ce/S r a t io s  
g r e a t e r  than or equal  to 1.5 exhibited only a s l ight  
edge c rack ing  which was r e s t r i c t e d  to the seve re ly  
cold worked, shea red  edge. There  was no tendency for 
c r ack  propagat ion.  

3) P r a c t i c a l  Implementa t ion  

The r e s u l t s  of s m a l l  scale  l abo ra to ry  e x p e r i m e n t s  
d i scussed  above have been conf i rmed by ful l  scale  
plant  t r i a l s .  Ra re  e a r t h  addi t ions a re  now being used  
c o m m e r c i a l l y  to con t ro l  sulfide morphology with con-  
sequent  i m p r o v e m e n t  in t r a n s v e r s e  toughness  and 
bend formabi l i ty  in high s t reng th  low al loy steels~ The 
p rac t i ca l  a spec t s  of th is  p rocedure  wil l  be d i s cus sed  
e lsewhere ,  
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Fig. 14--Microprobe analyses of elongated (top row) and globular (bottom row) sulfide inclusions. 
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CERIUM/ SULFUR WT. % IN STEEL 
Fig. 15--Relationship between shelf energy determined on 
longitudinal and transverse Charpy 1/2 size V-notch speci- 
mens and cerium-to-sulfur ratio. Each data point is the av- 
erage of two tests. 

SUMMARY 

E x p e r i m e n t a l  r e s u l t s  ve r i f i ed  conc lus ions  based  
on t h e r m o d y n a m i c  c o n s i d e r a t i o n s  that r a r e  ear th  ad-  
d i t ives  can be used  to achieve con t ro l  of sulfide m o r -  
phology in a luminum ki l led s t ee l s .  In s tee l s  with su l fur  
conten ts  up to 0.025 pct, a Ce /S  ra t io  of 1.5 in the 
f inal  p roduc t  wil l  r e s u l t  in exc lus ive ly  g lobular  r a r e  
ea r th  su l f ides  ins tead  of e longated type II man ga ne se  
sul f ides .  In a ho t - ro l l ed  s tee l ,  s t reng thened  to 80,000 
ps i  y ie ld  s t reng th  in pa r t  by vanad ium n i t r ide  p r e c i p i -  
ta t ion,  the re  was no evidence that  the r a r e  ea r ths  had 
any adve r se  effects  on the s t r eng then ing  m e c h a n i s m .  
Contro l  of sulfide shape doubled the toughness  in the 
d i r ec t ion  t r a n s v e r s e  to the ro l l i ng  d i rec t ion ,  as m e a s -  
u r ed  by the shelf etiergy d e t e r m i n e d  on 1/2 size 

T o t a l  C o n t r o l  N o  C o n t r o l  

Fig. 16--The effect of sulfide shape control on transverse 
bend formability. The control sample (right) with elongated 
sulfides, when bent over a radius of two times plate thickness, 
is severely fractured. The sample with sulfide shape control 
(left) (pet Ce/pct S = 1.5) exhibits minor checking on the 
sheared edge only. 

Charpy V-notch spec imens .  This  i m p r o v e m e n t  in 
toughness  was coupled with a d r a m a t i c  i m p r o v e m e n t  
in bend formabi l i ty~  In spite of the high s t r eng th  level ,  
sheared  bend s p e c i m e n s  were  bent  over  a r ad ius  equal 
to plate  th ickness  (bend axis  pa r a l l e l  to the ro l l ing  
direct ion)  with only s l ight  edge c rack ing .  In con t ras t ,  
spec imens  without sulf ide shape con t ro l  c racked  when 
bent  over  a r ad ius  equal  to two t imes  pla te  th ickness .  
Ef fec t iveness  of r a r e  ea r th  addit ions in improv ing  
toughness  and fo rmab i l i t y  of high s t reng th ,  low alloy 
s tee l s  has been ver i f i ed  in full  sca le  m i l l  t r i a l s  and 
incorpora ted  into c o m m e r c i a l  p rac t i ce .  
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