
Fig. 3--Cavi ta t ion in spec imen B nea r  the f r ac tu r e  tip, a f te r  
tes t ing  at an init ial  s t r a in  ra te  of 6.6 x 10 -5 s -1 to f r ac tu re  
at ~ 650 pct. The s t r e s s  axis is hor izonta l .  Magnificat ion 65 
t imes .  

to  o b s e r v a t i o n s  on  v a r i o u s  Cu a l l o y s ,  7,s,1~ w h e r e  
c a v i t a t i o n  i s  m o r e  e x t e n s i v e  a t  t h e  h i g h  s t r a i n  r a t e s ,  
bu t  i t  i s  s i m i l a r  to  t h e  c o n c l u s i o n s  r e a c h e d  t h r o u g h  
d e n s i t y  m e a s u r e m e n t s  on  two. m i c r o d u p l e x  steels .15,17 
T h e  d i f f e r e n c e  in  b e h a v i o r  p r o b a b l y  a r i s e s  b e c a u s e  
of t h e  c o n s i d e r a b l e  g r a i n  g r o w t h  o c c u r r i n g  in  s o m e  
of  t h e  Cu a l l o y s ,  s i n c e  t h e  p r e s e n c e  of  s u b s t a n t i a l  
g r a i n  b o u n d a r y  m i g r a t i o n  would  t e n d  to r e l i e v e  t h e  
l o c a l i z e d  s t r e s s  c o n c e n t r a t i o n s  w h i c h  a r e  a p r e r e -  
q u i s i t e  f o r  c a v i t y  f o r m a t i o n .  F o r  e x a m p l e ,  s p e c i m e n s  
of a n  a- /3  b r a s s  ( C u - 4 0  p c t  Zn)  c o n t a i n e d  v e r y  few 
c a v i t i e s  bu t  e x h i b i t e d  g r a i n  g r o w t h  of up to  a n  o r d e r  
of m a g n i t u d e  a f t e r  t e s t i n g  a t  low s t r a i n  r a t e s ,  8 
w h e r e a s  in  t h e  p r e s e n t  w o r k  t h e  i n c r e a s e  in  g r a i n  
s i z e ,  e v e n  a t  t h e  l o w e s t  t e s t i n g  s t r a i n  r a t e ,  w a s  a l -  
w a y s  l e s s  t h a n  a f a c t o r  of 2. 

A l t h o u g h  no  d e t a i l e d  m e a s u r e m e n t s  h a v e  b e e n  t a k e n  
to  d e t e r m i n e  t h e  a v e r a g e  a s p e c t  r a t i o  of t h e  c a v i t i e s  
a t  f a i l u r e ,  A r ( d e f i n e d  a s  a v e r a g e  l e n g t h  p a r a l l e l  to  
s t r e s s  a x i s / / a v e r a g e  l e n g t h  p e r p e n d i c u l a r  to  s t r e s s  
a x i s ) ,  i t  i s  c l e a r  f r o m  F i g .  3 t h a t  A v > 1. T h i s  s u g -  
g e s t s  t h a t  f r a c t u r e  o c c u r r e d  a t  low s t r a i n  r a t e s  b y  a 
c o m b i n a t i o n  of  e x t e r n a l  n e c k i n g  a n d  t h e  i n t e r n a l  l i n k -  
a g e  of v o i d s  by  a n  i n t e r g r a n u l a r  v o i d  s h e e t  (IVS) p r o -  
c e s s .  n,21 T h e  p r e s e n t  r e s u l t s  t h e r e f o r e  p r o v i d e  t h e  
f i r s t  e v i d e n c e  b o t h  of  c a v i t a t i o n  in  Z n - 2 2  pc t  A1 an d  
of a c o n t r i b u t i o n  f r o m  t h e  IVS f r a c t u r e  m e c h a n i s m  in  
a s u p e r p l a s t i c  a l l o y  d e f o r m e d  a t  low s t r a i n  r a t e s  in  
R e g i o n  I .  

T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  N a t i o n a l  S c i e n c e  
F o u n d a t i o n  u n d e r  G r a n t  No.  D M R 7 2 - 0 3 2 3 8  A01 .  
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Design of Duplex FelXlO.1C Steels For 
Improved Mechanical Properties 

J .  Y.  KOO AND G.  THOMAS 

T h e  i n c o r p o r a t i o n  of t h e  s t r o n g  p h a s e  m a r t e n s i t e  
a s  a l o a d  c a r r y i n g  c o n s t i t u e n t  i n  a d u c t i l e  f e r r i t e  
m a t r i x  c a n  s t r e n g t h e n  c o m p o s i t e  s t e e l  a l l o y s  1 -4  S u c h  
d u p l e x  f e r r i t i c - m a r t e n s i t i c  (DFM)  s t r u c t u r e s  o f f e r  
good c o m b i n a t i o n s  of s t r e n g t h  a n d  d u c t i l i t y  a s  a u s e f u l  
m e t h o d  of s t r e n g t h e n i n g  p l a i n ,  l o w - c a r b o n  s t e e l s .  4 In 
v i e w  of t h e  a t t r a c t i v e  m e c h a n i c a l  p r o p e r t i e s  a n d  t h e  
s i m p l i c i t y  in  c o m p o s i t i o n  a n d  h e a t  t r e a t m e n t  a l r e a d y  
a c h i e v e d ,  2-4 t h e  i d e a  of d u p l e x  s i m p l e  low c a r b o n  
s t e e l s  i s  now r e c e i v i n g  m u c h  a t t e n t i o n .  T h i s  a p p r o a c h  
c o n t r a s t s  w i t h  h i g h  s t r e n g t h ,  l o w - a l l o y  (HSLA) s t e e l s  
m i c r o a l l o y e d  w i t h  c o l u m b i u m  ( n i o b i u m ) ,  v a n a d i u m  o r  
t i t a n i u m  in  w h i c h  t h e  p r i n c i p a l  s t r e n g t h e n i n g  i s  d e -  
r i v e d  f r o m  p r e c i p i t a t i o n  of f i n e l y  d i s p e r s e d  c a r b i d e s  
a n d  w h o s e  m a n u f a c t u r e  i s  a s s o c i a t e d  w i t h  s o m e  
e c o n o m i c a l  p r o b l e m s  d i s c u s s e d  e l s e w h e r e  ( e . g .  R e f .  
5). 

E a r l i e r  e x p e r i m e n t a l  w o r k  on  D F M  s t e e l s  1,3,4,6,7 h a s  
p r i m a r i l y  b e e n  c o n c e r n e d  w i t h  t h e  i n f l u e n c e  of t h e  
v o l u m e  f r a c t i o n  o r  s t r e n g t h  of t h e  s e c o n d  p h a s e  ( m a r -  
t e n s i t e )  on  m e c h a n i c a l  p r o p e r t i e s .  F r o m  t h e  v i e w p o i n t  
t h a t  t h e  m e c h a n i c a l  p r o p e r t i e s  of two  p h a s e  m a t e r i a l s  
in  g e n e r a l  a r e  d e t e r m i n e d  b y  t h e  s h a p e ,  d i s t r i b u t i o n  
a n d  p r o p e r t i e s  of t h e  i n d i v i d u a l  p h a s e s ,  t h e  p r e s e n t  
p a p e r  r e p o r t s  on  t h e  d e s i g n  c o n s i d e r a t i o n s  f o r  d e -  
s i r a b l e  D F M  s t r u c t u r e s  w h i c h  in  t u r n  r e s u l t  in  d e -  
s i r a b l e  m e c h a n i c a l  p r o p e r t i e s .  T h i s  w o r k  i s  b a s e d  
on  a n  e a r l i e r  r e p o r t  4 in  w h i c h  i m p r o v e m e n t s  i n  1010 
s t e e l s  b y  d u p l e x  h e a t  t r e a t m e n t s  a l o n e  w e r e  a c h i e v e d .  

E x p e r i m e n t a l .  T h e  c h e m i c a l  c o m p o s i t i o n s  of  t h e  
t e r n a r y  a l l o y s  u s e d  in  t h i s  i n v e s t i g a t i o n  a r e  g i v e n  in  
T a b l e  I .  X r e p r e s e n t s  t h e  s u b s t i t u t i o n a l  s o l u t e  C r  o r  
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Si. The design bas i s  was to i n c r e a s e  the extent of 
the ((~ + T) field shown in Fig .  1, i nc r ea se  harden-  
abi l i ty ,  and v a r y  the DFM morphology by c o m p a r i -  
son to 1010 s t ee l s .  4 The a l loys  were vacuum melted 
into 33 Ib heats ,  hot forged to 0.6 in. d iam rods ,  
homogenized at 1200~ in vacuum for 24 h and sub-  
sequent ly  fu rnace -coo led .  

The heat t r e a t m e n t  to produce control led DFM 
s t r u c t u r e s  cons is t s  of aus ten i t iz ing  and quenching to 
100 pct mar t ens i t e ,  followed by annea l ing  in the 
(c~ + ~,) range  as  shown in Fig .  1. By holding in the 
two phase range ,  m a r t e n s i t e  t r a n s f o r m s  par t i a l ly  
to aus ten i te  and the r e s idua l  m a r t e n s i t e  becomes  fe r -  
r i t e  as  the two phases  a t ta in  the composi t ion  specif ied 
by the t ie  l ine co r respond ing  to the holding t e m p e r a -  
t u re .  The a l loy will  then cons i s t  of low carbon  l e t -  
r i t e  ((~) and higher  carbon  aus ten i te  (7). Upon quench-  
ing, the aus ten i te  t r a n s f o r m s  to m a r t e n s i t e  (s t rong 
phase),  and the f e r r i t e  becomes  heavily d is located  
due to p las t ic  deformat ion  as a r e s u l t  of the aus ten i te  

m a r t e n s i t e  t r a n s f o r m a t i o n  s t r a in .  This  s t r uc t u r e  
has been conf i rmed by t r a n s m i s s i o n  e lec t ron  m i c r o -  
scopy (see Fig.  3). 

Des ign  of heat t r e a t m e n t  is  done so as  to cont ro l  
the m a r t e n s i t e  p rope r t i e s  through its s u b s t r u c t u r e  
by control  of p r i o r  y composi t ion (e.g. Ref. 6). Thus 
t e m p e r a t u r e s  in the (a + ~) f ield a r e  chosen to main-  
ta in  carbon  levels  of about 0.3 pct in aus teni te ,  
which al lows d is located  m a r t e n s i t e  to form.  The o~, 
volume f rac t ions  then depend upon the total  al loy 
composi t ion  for this  t e m p e r a t u r e .  The morphology 
of the duplex m i c r o s t r u c t u r a l  cons t i tuen ts  in the a l -  
loy is s t rongly  inf luenced by the subs t i tu t iona l  solute 
(X) (Ref. 8) and is a ve ry  impor tan t  factor ,  as will  
be shown l a t e r .  

Table I. Chemical Compositions of Fe.CX Alloys (Wt Pct) 

h/Ioy C Cr Si Fe 

A 0.073 4 - Balance 
B 0.06 &5 - Balance 
C 0.065 - 2 Balance 
D 0.075 - 0.5 Balance 

T e n s i l e  p rope r t i e s  were  m e a s u r e d  us ing  both 1.25 
in. and 2 in. gage round spec imens ,  the l a t t e r  for 
compar i son  with the t ens i l e  p r o p e r t i e s  of c o m m e r -  
c ial  s t ee l s .  The tes t ing  p rocedu re s  and the exper i -  
menta l  p rocedures  for opt ical  and t r a n s m i s s i o n  e lec-  
t ron  mic roscop ic  examina t ions  have been desc r ibed  
p rev ious ly .  4 

Resu l t s .  Marked d i f fe rences  develop in the m o r -  
phology of the DFM s t r u c t u r e s ,  depending on the 
amount  mad type of a l loying e lement  X in Fe//X/0.1C 
al loys  (hereaf ter ,  "0.1 C"  r e p r e s e n t s  for convenience  
the carbon content  in each alloy).  These  a re  i l l u s -  
t r a t ed  in the opt ica l  mic rographs ,  F igs .  2(a) to (c). 
The acicular shape of martensite developed in the 
DFM Fe/0.5Si/0.1C steel is virtually identical to that 
exhibited in the Fe/2Si//0.1C alloy. 

The ferrite regions in the DFM 0.5Si and 0.5Cr 
steels revealed coarse carbides in the immediate 
vicinity of the ot/martensite boundaries. These car- 
bides formed during final quenching from the (or + ~) 
range  r e s u l t s  f rom the ~ ~ ~ + carbide  r eac t i on  p ro -  
ducts due to the lack of suff ic ient  hardenabi l i ty  in the 
above two s tee l s .  

The co r re spond ing  t ens i l e  p rope r t i e s  r e f l ec t ing  the 
changes m the geomet r i e s  of mar t ens i t e  phase a re  
plotted in F ig .  4. A globular  shape of the second 
phase mar t ens i t e ,  combined with continuous mar t en -  
s i te  along the p r io r  aus ten i te  g ra in  boundar ies  (Fig. 
2(a)), r e su l t s  in r e l a t ive ly  poor t ens i l e  p r ope r t i e s .  
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Fig. 1--Schematic representation of heat treatment to produce 
controlled DFM structures. 

Fig. 2--Optical Micrographs. (a) DFM structures developed in Fe/4Cr/0.1C steel. Globular shape of martensite contrasts with 
light background ferrite. (b) DFM structures developed in Fe/0.5Cr/0.1C steel. Predominantly needle-like martensite is shown 
within each prior austenite grain. Prior austenite grain boundaries are decorated with continuous martensite phase. (c) Duplex 
structures developed in Fe/2SL/0.1C steel show a fine, aeicu/ar shape of martensite within each prior austenite grain. A mag- 
nified view of the martensite morphology is shown in Fig. 3. 
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Fig. 3--Composite transmission electron micrograph of the 
DFM structure developed in 2 pct Si steel. Two parallel  nee- 
dles are martensite phase surrounded by ferr i te  with high 
density of dislocations. 
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Fig. 4--Strength v s  uniform elongation is plotted for the du- 
plex F e / X / 0 . 1 C  alloys. Depending on the annealing tempera- 
ture in the (a + 7) range, various volume fractions of mar -  
tensite and a wide range of strength and elongation combina- 
tions are obtained. 

With m i c r o s t r u c t u r e s  conta in ing a combina t ion  of 
n e e d l e - l i k e  m a r t e n s i t e  within each  p r i o r  aus t en i t e  
g r a i n  (Fig .  2(b)), while s t i l l  showing continuous globu-  
l a r  m a r t e n s i t e  a long the p r i o r  aus t en i t e  g r a i n  bound- 
a r i e s ,  somewhat  i m p r o v e d  t e n s i l e  p r o p e r t i e s  a r e  ex-  
h ib i ted .  However ,  upon obta in ing  a comple t e  need l e -  
l ike  m a r t e n s i t e  (F ig .  2(c)) s u p e r i o r  s t r e n g t h  and 
e longat ion  duc t i l i ty  combina t ions  a r e  found. T h e s e  
p r o p e r t i e s  a r e  compared ,  in F ig .  5, with those  of 
s o m e  c o m m e r c i a l  HSLA s t e e l s .  One notes  that  the 
duplex 2 pc t  Si s t e e l  shows notably  high un i fo rm 
e longa t ion  and s u p e r i o r  t e n s i l e  s t r e n g t h  which p r e -  
s u m a b l y  a r e  the  consequences  of i ts  m o r p h o l o g i c a l  
f e a t u r e s .  

D i s c u s s i o n .  Many f a c t o r s  af fec t  the m e c h a n i c a l  
p r o p e r t i e s  of a s i m p l e  t e r n a r y  F e / X / 0 . 1 C  a l loy  with 
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Fig. 5--Tensile properties of the duplex 2 pct Si steel are 
compared with those of commercial HSLA steels.  
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DFM s t r u c t u r e s ,  amongs t  which a r e ,  1) shape  and 
d i s t r i b u t i o n  of m a r t e n s i t e  in the f e r r i t e  m a t r i x ,  2) 
p r o p e r t i e s  of the m a r t e n s i t e ,  3) p r o p e r t i e s  of the f e r -  
r i t e ,  4) vo lume f r a c t i o n  of m a r t e n s i t e ,  and 5) m i c r o -  
s t r u c t u r a l  f e a t u r e s ,  such as  the p r e s e n c e  of c o a r s e  
c a r b i d e s .  The  a l loy ing  addi t ion,  X, and the exact  hea t  
t r e a t i n g  condi t ions  con t ro l  t h e s e  main  s t r u c t u r a l  
f e a t u r e s .  

The s u p e r i o r  t e n s i l e  p r o p e r t i e s  found in the duplex 
2 pct  Si s t e e l  a r e  a t t r i bu t ed  to s i l i con  be ing  one of 
the a l loy ing  e l e m e n t s  which mos t  f avo rab ly  c o n t r o l s  
t h e s e  mutua l ly  i n t e r a c t i n g  v a r i a b l e s :  p r o m o t i n g  d i s -  
loca ted  m a r t e n s i t e  in a fine,  f ib rous  d i s t r i bu t ion ,  
p rov id ing  so l id  so lu t ion  s t r eng then ing  in f e r r i t e ,  and 
improv ing  the f e r r i t e / m a r t e n s i t e  i n t e r f a c e  by in-  
h ib i t ing  the f o r m a t i o n  of c o a r s e  c a r b i d e s  dur ing  the 
f ina l  quench.  

The s t r eng then ing  component  obta ined  f r o m  a f ine,  
f i b rous  m a r t e n s i t e  morpho logy  a p p e a r s  to be  two-  
fold:  it  o f fe r s  m o r e  ef fec t ive  b a r r i e r s  to the mot ion  
of d i s l oca t i ons ,  and s i m u l t a n e o u s l y  p r o v i d e s  m o r e  ef-  
f i c ien t  compos i t e  s t r eng then ing  for  a f ixed vo lume 
f r a c t i o n  of m a r t e n s i t e  as  given by the t h e o r y  of d i s -  
cont inuous  f ibe r  composi tes .9 , t~  

The da ta  in F i g s .  6 and 7 show that  the r ange  of 
m a r t e n s i t e  p e r c e n t a g e  for  i m p r o v e d  combina t ions  
of t e n s i l e  p r o p e r t i e s  v a r i e s  f rom ~20 pct  to ~60 pct ,  
below or  above  which the morpho log i ca l  f e a t u r e s  
of the  DFM s t r u c t u r e s  become  u n d e s i r a b l e .  T h e s e  
va lue s  a r e  thus op t imum for  t he se  F e / S i / C  s t e e l s .  
F o r  the r ange  of m a r t e n s i t e  p e r c e n t a g e  shown in F ig .  
7, the va lue s  of e longat ion  in s i l i c o n - b e a r i n g  DFM 
s t e e l s  a r e  h igher  than those  in c h r o m i u m - c o n t a i n i n g  
a l l oys .  

C u r r e n t  r e s e a r c h  is  conce rned  with op t imiz ing  
the m i c r o s t r u c t u r e - p r o p e r t y  r e l a t i o n s  with e s p e c i a l  
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emphasis  being placed on the morphologies  of the 
DFM alloys and with understanding the principal 
strengthening mechanisms involved. 
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range  when  s i l i c o n  i s  a d d e d  to  t h e  F e - C  s y s t e m .  

Conclusion. From a practical  point of view, s i l icon 
is a valuable alloying e lement  s ince it opens up the 
(a + ~) range 11 when added to Fe-C sys tem,  le as in 
Fig.  8. As a result  smal l  variations in annealing 
temperature in the (a + ~) range do not chunge com- 
position significantly, thereby assuring reproducibility 
of the material .  Silicon is  cheap and is an effective 
solid solution strengthening e lement .  Thus F e / S i /  
0.1C s tee l s  appear to be very  promis ing for duplex 
treatments  as noted also in Japan. 3 However,  the pub- 
l ished work on these  3 does not appear to take into ac- 
count the desirable  macro-  and microstructural  mor-  
phologies which are obtainable under the l imitation 
of practical  feasibi l i ty.  The desirable  features have 
been i l lustrated in the present  work in the duplex 
F e / 2  pct Si/0.1C pct s tee l  which exhibits better ten- 
s i l e  propert ies  than those of Van 80 which is con- 
s idered to be one of the best  commerc ia l  HSLA s t ee l s .  
The poss ibi l i ty  of using these DFM s tee l s  for auto- 
motive applications e .g .  to replace conventional 1010 
s t ee l s  is  apparent. 

The authors wish to thank Dr.  C. Asada and Daido 
Steel  Company for the supply of the al loys designed 
for this research .  Helpful d i scuss ions  with members  
of our re search  group, Dr.  H. Paxton, U.S. Steel,  Dr.  
D. J. Bailey,  General Motors and Dr.  W. B. Morrison,  
Brit ish Steel  Corporation and others are gratefully 
acknowledged. This work was done under the auspices  
of the United States Energy Research and Development 
Administration through the Materials  and Molecular 
Research Divis ion of the Lawrence Berke ley  Labora- 
tory, University of California, Berke ley .  

1. R. L. Cairns and J. A. Charles: Z Iron Steel Inst., 1967, vol. 205, p. 1044. 
2. R. A. Grange: Proceedings of the Second International Conference on the 

Strength of Metals andAlloys, p. 861, ASM, Pacific Grove, 1970. 
3. S. Hayami and T. Furukawa: Micro Alloying 75, Symposium on High Strength, 

Low-Alloy Steels, Products and Process, p. 78, Washington, D.C., 1975. 
4. J. Y. Koo and G. Thomas: Mater. Sci. Eng., 1976, vol. 24, p. 187. 
5. Carlo Parrini, et al.: Micro Alloying 75, Symposium on High Strength, Low- 

Alloy Steels, Products and Process, p. 56, Washington, D.C., 1975. 
6. G. Thomas: Iron Steel International, 1973, vol. 46, pp. 451-61. 
7. H. Fischmeister, J.-O. Hj~lmered, B. Karlsson, G. Lind6n, and B. Sundstrom: 

The Microstructure and Design of Alloys Proc. 3rd Intl. Conf. on Strength of 
Metals and Alloys, p. 621, Inst. of Metals and Iron Steel Inst., London, 1973. 

8. M. R. Plichta and H. I. Aaronson: Met. Trans., 1974, vol. 5, p. 2611. 
9. A. Kelly and G. J. Davies: Met. Rev., 1965, vol. 10, p. 1. 

10. A. Kelly: Strong Solids, 2nd ed., p. 157, Oxford University Press, 1973. 
11. E. Piwowarsky: Hochwertiges Gusseisen, p. 52, Springer-Verlag, 1951. 
12. J. Chipman: Metals Handbook, 8th ed., p. 276, ASM, 1973. 

5 2 8 - V O L U M E  8A,  M A R C H  1977 M E T A L L U R G I C A L  T R A N S A C T I O N S  A 


