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A study has been made of an Fe-3Ni -3Mo alloy whose s t r u c t u r e  can be ei ther  f e r r i t e  
or m a r t e n s i t e  or  any combinat ion  of f e r r i t e  plus ma r t e ns i t e .  By being able to m e a s u r e  
the mechan ica l  p rope r t i e s  of the f e r r i t e  and m a r t e n s i t e  phases  sepa ra t e ly  it is  poss ib le ,  
using Mi l ieko ' s  theory for composi tes  of two duct i le  phases ,  to ca lcula te  the p rope r t i e s  
expected for f e r r i t e - p l u s - m a r t e n s i t e  mix tu res .  This  theory a s sumes :  1) the s t r e s s -  
s t r a i n  re la t ionsh ip  for all  s t r u c t u r e s  is  a power law; 2) a per fec t  in te r face  between the 
phases ;  and 3) the f ibe rs  a re  al igned pa ra l l e l  to the s t r e s s  axis.  The exper imen ta l ly  
de t e rmined  tens i le  s t rength  and duct i l i ty  of the two-phase  s t r u c t u r e s  a re  in good a g r e e -  
ment  with the theory even though the m a r t e n s i t e  is  not in the form Of al igned f ibers .  
The duc t i l i t i es  obtained at t ens i le  s t rengths  g rea t e r  than 620 MPA (90 ksi)  a r e  no be t te r  
than those for convent ional  HSLA s tee l s  because  of the low duct i l i ty  of the f e r r i t e  and 
low s t rength  of the mar t ens i t e .  

1. INTRODUCTION 

IN the las t  few yea r s  a new type of s teel ,  cons is t ing  of 
about 15 to 20 pct m a r t e n s i t e  in a f e r r i t e  mat r ix ,  has 
become of technological  i n t e r e s t  because  at a cons tant  
tens i le  s t rength  it exhibits  g rea t e r  fo rmabi l i ty  than a 
s tandard  h igh-s t r eng th  low-al loy (HSLA) s teel .  1-5 For  
example,  when VAN-80 (a Jones  & Laughlin Steel Co. 
HSLA steel)  is  obtained in the m a r t e n s i t e  plus f e r r i t e  
condition, the yield s t r e s s  d e c r e a s e s  f rom 550 to 380 
MPa (80 to 55 ksi)  while there  a re  i n c r e a s e s  in the total  
elongation f rom about 18 to 26 pct and in the s t r a i n  ha rd -  
ening exponent, n, f rom about 0.12 to 0.22; the t ens i l e  
s t rength  r e m a i n s  approximate ly  constant ,  independent  
of s t r uc tu r e ,  at 700 MPa (100 ksi).  2~ These  s tee l s  with 
a m a r t e n s i t e  plus f e r r i t e  s t r u c t u r e  a re  often cal led dua l -  
phase s tee l s .  '-5 

Mileiko 6 and Garmong  and Thompson 7 have developed 
a theory of the mechan ica l  p r o p e r t i e s  of f iber  compos-  
i tes  of two duct i le  phases  tes ted in tens ion  p a r a l l e l  to 
the f iber  axis;  good a g r e e m e n t  between expe r imen t  and 
theory was found for Ni-W, Cu-W and A g - s t a i n l e s s  s tee l  
composi tes .  6'7 It has been  shown 4'5 that the changes in 
tens i le  s t rength  and duct i l i ty  of dual phase s tee l s  as a 
function of the pe rcen t  m a r t e n s i t e  a re  in a g r e e m e n t  
with this theory even though the m a r t e n s i t e  is  not in a 
f ibrous  form.  The va lues  of the t ens i l e  s t reng th  and 
duct i l i ty  of the component  f e r r i t e  and m a r t e n s i t e  used 
to compare  expe r imen t  with theory were  obtained by 
extrapolat ion;  a major  p rob lem in m e a s u r i n g  the p rop -  
e r t i e s  of the phases  individual ly  is that h igh-ca rbon  
m a r t e n s i t e s  (>0.3 pct C), as found in dua l -phase  VAN-80, 
a re  very  notch sens i t ive  and have ve ry  l imi ted  t ens i l e  
ducti l i ty.  In addit ion there  may be movement  of a l loying 
e lements  into and out of the f e r r i t e  and thus i ts  compo-  
s i t ion is  not eas i ly  de te rmined .  

To more  d i rec t ly  check the appl icabi l i ty  of the compo-  
si te  theory to dua l -phase  al loys a zero  carbon F e - 3 N i -  
3Mo alloy was chosen for inves t igat ion.  This  alloy can 
be obtained in e i ther  the fuU m a r t e n s i t i c  or fully f e r -  

r i t i c  s ta tes  8 or in the dua l -phase  condition. This  makes  
it  poss ib le  to m e a s u r e  the p rope r t i e s  of the components  
of the dua l -phase  s teel  (zero carbon m a r t e n s i t e s  a re  
quite ductileg), and thus to compare  theory and expe r i -  
ment.  

2. THEORY 

Mileiko 6 was the f i r s t  to develop a theory re l a t ing  the 
s t rength  and duct i l i ty  of the two duct i le  components  to 
the mechan ica l  p r o p e r t i e s  of the composite;  the theory 
is based upon the appl icat ion of p las t ic  ins tab i l i ty  c r i -  
t e r i a  to the composi te .  The r e  a re  two a s sumpt ions  as 
to m a t e r i a l s  p rope r t i e s  in the theory: 1) the bond between 
f iber  and m a t r i x  is  ideal ,  so that the s t reng th  of the i n -  
t e r face  is suff ic ient  to p reven t  the f iber  necking without 
necking of the composi te  as a whole, that is,  the m o r e  
s table  ma t r ix  r e s t r a i n s  the l e s s  s table  f iber .  The i n t e r -  
face in dua l -phase  s teel  is  a tomic in na tu re  and t h e r e -  
fore  mee t s  this  r e q u i r e m e n t .  2) the re la t ionsh ip  between 
s t r e s s  and s t r a i n  for both the composi te  and components  
is a power law of the form 

= k~n [1] 

where r is the t rue  s t r e s s ,  E the t rue  s t r a i n  and /e and 
n a re  cons tants .  It has a l ready  been demons t r a t ed  that 
dua l -phase  s tee ls  2-S and f e r r i t e s  1~ follow reasonab ly  
well  such a power law. Thus dua l -phase  s tee l s  fulf i l l  
the m a t e r i a l s  c r i t e r i a  for the appl icabi l i ty  of the 
theory  to expe r imen ta l  data, although they do not ful-  
f i l l  the geomet r ic  r e q u i r e m e n t  of f ibe rs  al igned pa ra l -  
le l  to the t ens i l e  axis.  

Fol lowing Mileiko,  the equations r e l a t ing  r and Ec, 
the tens i le  s t rength  and t rue  un i form s t r a i n  of the 
dua l -phase  s teel ,  to the volume fract ion,  V, of the 
m a r t e n s i t e ,  given a m and el, the tens i le  s t rength  of 
m a r t e n s i t e  and f e r r i t e  respec t ive ly ,  and em and El, 
the t rue  un i fo rm s t r a i n  of the mar t ens i t e  and f e r r i t e  
respec t ive ly ,  a re  as follows: 

F o r  un i form s t r a i n  
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where 

_ am s exp e m 
t~f emem exp ef 

For  tens i le  s t rength  

a c = V~ t '~m + ( 1 - v ) ~ " ~ f  

where  

X'= (ec /ern)em e x p ( e m - e  c) 

and 

)~" = (6c/s162 exp (e f - -ec) .  

[3] 

3. EXPERIMENTAL PROCEDURE 

The composi t ion  of the vacuum cast  al loy is, in wt 
pct, 3.0 Ni, 3.0 Mo, 0.7 Mn, 0.3 Si, 0.05 V and 0.01 C 
with ba lance  iron;  the ingot was broken  down by hot 
ro l l ing  at l l00~  to a s lab  1 cm (0.40 in.) thick. After  
cold ro l l ing  approx imate ly  50 pct it was found that 
this al loy could be r e c r y s t a l l i z e d  to a fully f e r r i t i c  
s t r u c t u r e  by annea l ing  at 750~ for 1 h; thus by a l t e r -  
nat ive cold working and annea l ing  it  was poss ib le  to 
obtain a 1 mm (0.04 in.) th ick s t r ip .  Tens i l e  samples  
with a 50 mm (2 in.) gage length and 12.5 mm (0.5 in.) 
wide were cut f rom the co ld - ro l l ed  s t r ip  p r io r  to f inal  
heat t r ea tmen t .  All  t ens i le  t es t ing  was ca r r i e d  out at 
room t e m p e r a t u r e  in an In s t ron  machine at a c ros s  
head ra te  of about 2 • 10 -2 m m / s  (0.05 i n . /min ) .  

To produce the r equ i r ed  s t r u c t u r e s  two bas ic  heat 
t r e a t m e n t s  were employed: 1) i s o c h r o n a l - a l l  spec i -  
mens  were r e c r y s t a l l i z e d  to the fully f e r r i t i c  condi- 
t ion at 750~ and then individual  spec imens  were an-  
nealed for 1 h at t e m p e r a t u r e s  s t a r t i n g  at 760~ and 
i n c r e a s i n g  to 940~ in 20~ in te rva l s ;  meta l lographic ,  
ha rdnes s  and s t reng th  m e a s u r e m e n t s  showed that it 
is poss ib le  to par t i a l ly  r eaus t en i t i ze  to produce a two 
phase,  a + y, reg ion  between 760 and 870~ i so the r -  
m a l -  the knee of the i s o t h e r m a l  t r ans fo rma t ion  curve 
was found to be about 650~ (Ref. 8) and so a s e r i e s  
of spec imens  were quenched f rom 950~ to this t em-  
pera tu re ;  it was found that the a - t o - ~  reac t ion  was 
in i t ia ted within 2 h at 650~ and was complete  in about 
10 h. Fol lowing the complet ion of al l  heat t r e a t m e n t s  
the spec imens  were quenched into b r ine .  

b) Mechanica l  P rope r t i e s  

Plots  of log t r u e - s t r e s s  agains t  log t r u e - s t r a i n  for 
the f e r r i t e ,  m a r t e n s i t e  and dua l -phase  s t ruc tu re ,  Fig.  
2 a re  s t ra igh t  l ines  with slope n, conf i rming  that al l  
the s t r u c t u r e s  obey Eq. [1]; thus one r e q u i r e m e n t  of 
Mi le iko ' s  theory is fulfi l led.  The re  were no L(iders 
s t r a i n s  or y ie ld -po in t  compl ica t ions  because  a l l  the 
spec imens  had smooth s t r e s s - s t r a i n  curves;  the s m a l l  
vanadium addit ion effect ively get ters  the r e s idua l  ca r -  
bon in the alloy.  S t r e s s - s t r a i n  data for a l l  the s t ruc -  
tu res  was plotted as in Fig.  2 and n va lues  were 
measu red .  

A fur ther  check on the val id i ty  of the power law was 
made by compar ing  n with the t rue  un i form s t r a in  for 
each spec imen,  Fig.  3; n equals  t rue un i form s t r a i n  if 
the power law of Eq. [1] is obeyed. 11 F igure  3 shows 
that there  is a good co r re l a t ion  between n and t rue  
un i form s t r a in  except at low n values ,  that is,  when 
m a r t e n s i t e  contents  were in excess  of approx imate ly  
65 pct. In the high m a r t e n s i t e  a l loys the elongation is 
less  than expected; these al loys have low n values  and 
thus any geomet r ic  inhomogenei t ies  in the sheet  spec i -  
mens  can lead to necking and p r e m a t u r e  fa i lu re .  In 
the ca lcula t ions  to compare  theory with exper iment ,  
the n va lues  were  used in place of the t rue  un i form 
s t r a in .  

The value of n for the fully f e r r i t i c  condition, 0.24, 
is cons iderab ly  less  than value of 0.31 found for pure  
iron; 1~ this is probably a consequence of the subs t i -  
tu t ional  a l loying addi t ions .  However,  the n value of 
0.06 for the fully ma r t e ns i t i c  a l loys is the same as 
that found in s imple  F e - M n - C  al loys S and in highly a l -  
loyed F e - N i - C r  al loys;  9 thus n for mar t ens i t e  appears  
to be independent  of alloy content.  

The flow s t r e s s  at var ious  s t r a in  levels  is shown in 
F igs .  4 and 5 as a function of pe rcen t  ma r t e ns i t e .  It 
can be seen  that to a f i r s t  approximat ion  the s t rength  
at al l  s t r a i n s  is d i rec t ly  p ropor t iona l  to the percent  
mar t ens i t e ;  this agrees  with r e su l t s  f rom dua l -phase  
VAN-803,4 and F e - M n - C .  5 The 0.2 pct flow s t r e s s  of 
the f e r r i t e  is about twice that found by ext rapola t ion 
for VAN-80 fe r r i t e ;  4 this i nc r ea se  is no doubt due to 
sol id solut ion s t r eng then ing  by Ni and Mo.~e However,  
the 0.2 pct flow s t r e s s  for 100 pct mar t ens i t e ,  700 
MPa (100 ksi),  is in good a g r e e me n t  with the value ob- 
tained by Les l ie  and Sober ~3 for low-al loy c a rbon - f r ee  
mar t ens i t e .  

4. RESULTS 

a) Meta l lography 

F igure  1 shows, for the i so the rma l  heat t r ea tmen t ,  
the full  range of s t ruc tu re s ;  the s t ruc tu re  as quenched 
f rom 950~ (Fig. l(a)) is a typical  lathe mar t ens i t e ,  
while F igs .  l(b) and (c) show mixed m a r t e n s i t e  plus 
f e r r i t e  s t r u c t u r e s  and Fig.  l(d) is the fully f e r r i t i c  
condit ion with 10 /an equiaxed g ra ins .  A s i m i l a r  
s e r i e s  of mic rographs  was obtained f rom the i sochron-  
a l ly  heat t rea ted  samples .  The spots in Fig.  1(c) a re  
an etching ar t i fac t  within f e r r i t e  g ra ins  which was 
used as a guide to d i s t inguish  between f e r r i t e  and m a r -  
t ens i l e  in mixed s t r u c t u r e s .  Point  counting was used 
to es t imate  the mar t ens i t e  content.  

5. COMPARISON WITH THEORY 

Uti l iz ing the measu red  values  of t ens i le  s t reng th  
and n for f e r r i t e  and mar t ens i t e ,  the co r respond ing  
va lues  for m a r t e n s i t e - p l u s - f e r r i t e  mix tu res  were cal-  
culated f rom Eqs.  [2] and [3]. The line through the 
t ens i l e  s t rength  data in Fig.  4 is that predic ted  by the 
theory.  It can be seen that there  is very  good ag ree -  
ment  between theory and expe r imen t  for the t ens i l e  
s t rength .  A plot of n vs percen t  ma r t e ns i t e ,  Fig.  6, 
shows quite good ag reemen t  between theory and ex- 
pe r imen t ,  with the expe r imen ta l  points being cons i s t -  
ently below the theore t ica l  l ine.  

Mi le iko ' s  theory provides  a good desc r ip t ion  of the 
va r i a t ion  of tens i le  s t rength  and duct i l i ty  with pe rcen t  
ma r t e ns i t e ,  even though the mar t ens i t e  is not in the 
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Fig. 1--Fe-3Ni-3Mo alloy isothermal ly  annealed at 650~ (a) 0 h- fu l ly  mar tens i te ;  (b) 2 h; (c} 4 h -pa r t i a l ly  t rans formed;  
and (d) 16 h-ful ly  fe r r i t i c .  
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f o r m  of f i b e r s  a l i g n e d  p a r a l l e l  to the  t e n s i l e  a x i s .  
N o r m a l l y ,  m i s a l i g n e d  o r  l o w - a s p e c t - r a t i o  ( l e n g t h /  
d i a m e t e r )  f i b e r s  q u i c k l y  f r a c t u r e  a n d  t h u s  do no t  s u p -  
p o r t  t h e i r  s h a r e  of the  load;  z4 t h i s  i s  i m p o r t a n t  if  t he  
f i b e r s  a r e  c o n s i d e r a b l y  l e s s  d u c t i l e  t h a n  the  m a t r i x .  
T h e  d u c t i l i t y ,  a s  m e a s u r e d  b y  r e d u c t i o n  in  a r e a ,  of 
low o r  z e r o  c a r b o n  m a r t e n s i t e s  i s  e s s e n t i a l l y  t he  
s a m e  a s  f o r  p u r e  f e r r i t e .  9,~5 In  a d d i t i o n  the  m a r t e n -  
s i t e  i s l a n d s  a r e  u n d e r  h y d r o s t a t i c  p r e s s u r e  b e c a u s e  
of t he  v o l u m e  e x p a n s i o n  w h e n  a u s t e n i t e  t r a n s f o r m s  to 
m a r t e n s i t e ;  t h i s  c o u l d  l e a d  to a s i g n i f i c a n t  i n c r e a s e  in  
f r a c t u r e  s t r e s s  a n d  d u c t i l i t y ,  z6 
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6. STRENGTH-DUCTILITY RELATIONSHIP 

It has been shown previously z-S that at all strength 
levels dual-phase steels have greater ductility than 
conventional HSLA steels. In Fig. 7 n, or true uniform 
strain is plotted against tensile strength for three 
dual-phase steels, VAN-80, 4 Fe-Mn-C, 5 and Fe-3Ni- 
3Mo, and conventional HSLA steels; 2'4 VAN-80 and 
the Fe-Mn-C dual-phase steels are clearly superior 
in ductility at all strength levels. However, at tensile 
strengths above 620 MPa (90 ksi) conventional HSLA 
steels have greater elongation than the Fe- 3Ni- 3Mo 
dual phase steel. This illustrates the important point 
that obtaining a steel with the dual-phase structure oi 
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f e r r i t e  p lus  m a r t e n s i t e  d o e s  not  g u a r a n t e e  b e t t e r  
d u c t i l i t y  a t  a g i v e n  t e n s i l e  s t r e n g t h .  

In e a r l i e r  p a p e r s  4,s it  w a s  s u g g e s t e d  tha t  V A N - 8 0  
and  F e - M n - C  d u a l - p h a s e  s t e e l s  have  s u p e r i o r  d u c t i l i t y  
a t  a g i v e n  t e n s i l e  s t r e n g t h  b e c a u s e  they  a r e  c o m p o s e d  
of a s p e c i a l  f e r r i t e  and  h i g h - s t r e n g t h  m a r t e n s i t e .  T h e  
f e r r i t e  i s  s p e c i a l  in t ha t  i t  h a s  h igh  s t r e n g t h ,  m a i n l y  
by v i r t u e  of i t s  v e r y  f ine  g r a i n  s i z e ,  and  the  h igh  d u c -  
t i l i t y  (n = 0.31) of l o w - i n t e r s t i t i a l  i ron ;  1~ n o r m a l l y  the  
h i g h e r  the  s t r e n g t h  the l o w e r  the  d u c t i l i t y .  In the  F e -  
3 N i - 3 M o  d u a l  p h a s e  s t r u c t u r e s  the  f e r r i t e  is  of h igh  
s t r e n g t h  bu t  wi th  low d u c t i l i t y  (n = 0.23),  and  the  m a r -  
t e n s i t e  h a s  a low t e n s i l e  s t r e n g t h  (940 M P a  (136 ks i ) ) .  
T h u s  the  p r e s e n t  r e s u l t s  c o n f i r m  the  n e e d  f o r  the  
s p e c i a l  f e r r i t e  and  s t r o n g  m a r t e n s i t e .  
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T h e  a u t h o r  i s  g r a t e f u l  to C. A m b e r g e r  f o r  t e c h n i c a l  
a s s i s t a n c e  and  to C. L.  M a g e e  and  P .  H. T h o r n t o n  f o r  
m a n y  h e l p f u l  d i s c u s s i o n s  and  f o r  c r i t i c a l l y  r e v i e w i n g  
the  m a n u s c r i p t .  
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