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On the Deformation Behavior of
Dual-Phase Steels

Table I. Composition (Wt. Pct) o f the Steels, Balance Fe

Code C Mn Si S V Ti P AI N

HT-1 0.052 0.90 <0.01 0.020 <0.002 0.005 0.013 0.006 0.0038
HT-6 0.110 0.78 0.28 0.015 <0.002 0.003 0.012 0.074 0.0049

Table II. Summary of Heat Treatments*

Heat Treat. Mart. Volume Pet C in
Sample Steel Temp., °C Fraction,Pet Martensite
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G E O R G E K R A U S S

L o w c a r b o n s t e e l s p r o c e s s e d to r e p l a c e p e a r l i t e by
m a r t e n s i t e e x h i b i t a d e c r e a s e in y i e l d s t r e n g t h , a n
a b s e n c e o f d i s c o n t i n u o u s y i e l d i n g , a n d a n i n c r e a s e in
u l t i m a t e t e n s i l e s t r e n g t h w h e n c o m p a r e d t o t h e s a m e
s t e e l s p r e p a r e d w i t h a f e r r i t e - p e a r l i t e m i c r o s t r u c -
t u r e . l " 4 G e n e r a l l y , the d e s i r a b l e m i x t u r e o f f e r r i t e
a n d o t h e r p h a s e s i s p r o d u c e d by i n t e r c r i t i c a l a n n e a l -
i n g , i.e. h e a t i n g b e t w e e n Acl a n d Ac~, a n d s t e e l s so
t r e a t e d h a v e b e e n i d e n t i f i e d a s d u a l - p h a s e s t e e l s .
D e s p i t e t h e n a m e d u a l - p h a s e , it i s n o w r e c o g n i z e d
t h a t a c o m b i n a t i o n of t h r e e p h a s e s , f e r r i t e , m a r t e n -
s i t e , a n d r e t a i n e d a u s t e n i t e , S'6 m a y p r o v i d e t h e bes t
s t r u c t u r e f o r a p p l i c a t i o n s w h e r e t h e g o o d f o r m a b i l i t y
a n d s t r e n g t h o f d u a l - p h a s e s t e e l s a r e of c o n s i d e r a b l e
i n t e r e s t .

A c o m p l e t e u n d e r s t a n d i n g of t h e d e f o r m a t i o n b e -
h a v i o r of the c o m p l e x d u a l - p h a s e s t r u c t u r e s h a s not
y e t b e e n d e v e l o p e d , but a n u m b e r of i m p o r t a n t ob -
s e r v a t i o n s have b e e n m a d e . T h e l o w i n i t i a l f l o w
s t r e s s a n d c o n t i n u o u s y i e l d i n g b e h a v i o r in the d u a l -
p h a s e s t e e l s i s a t t r i b u t e d to the a u s t e n i t e to m a r t e n -
s i t e t r a n s f o r m a t i o n w i t h i n t h e c o n s t r a i n t s of t h e f e r -
r i t e m a t r i x ,1'3 a n d m i c r o g r a p h s of h i g h d i s l o c a t i o n
d e n s i t i e s a d j a c e n t t o m a r t e n s i t e a r e a s h a v e b e e n p r e -
s e n t e d . 3 The t e n s i t e s t r e n g t h a n d m a r t e n s i t e v o l u m e
f r a c t i o n ( M V F ) in d u a l - p h a s e s t e e l s h a v e b e e n r e -
l a t e d by the " r u l e of m i x t u r e s' ' 1 ' 4 ' 7 a n d b o t h t o t a l
e l o n g a t i o n S a n d t h e s t r a i n h a r d e n i n g p a r a m e t e r n4 h a v e
a l so b e e n f o u n d t o d e p e n d upon t h e a m o u n t of m a r t e n -
s i t e . S e v e r a l i n v e s t i g a t o r s , a s n o t e d a b o v e , h a v e
f o u n d r e t a i n e d a u s t e n i t e by X - r a y d i f f r a c t i o n a n d
t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y a n d e m p h a s i z e t h e
p o s s i b l e i m p o r t a n c e o f r e t a i n e d a u s t e n i t e in c o n t r o l -
l i n g the o v e r a l l d e f o r m a t i o n b e h a v i o r of d u a l - p h a s e
s t e e l s .

T h i s no te p r e s e n t s d a t a t h a t s h o w s t h a t t h e s t r e s s -
s t r a i n c u r v e s o f d u a l - p h a s e F e - C - M n - S i s t e e l s c a n -
n o t be c h a r a c t e r i z e d by a s i n g l e v a l u e o f n , t h e s t r a i n
h a r d e n i n g e x p o n e n t , a n d s u g g e s t s t h a t the d e f o r m a t i o n
of d u a l - p h a s e s t e e l s m a y o c c u r in s e v e r a l w e l l - d e -
f i n e d s t a g e s . I t i s a l so s h o w n t h a t the e f f e c t s o f MVF
o n d e f o r m a t i o n b e h a v i o r of d u a l - p h a s e s t e e l s c a n n o t
be i s o l a t e d f r o m t h o s e of c a r b o n c o n t e n t of t h e m a r -
t e n s i t e .

T h e c o m p o s i t i o n o f the s t e e l s u s e d in t h i s s t u d y a r e
g i v e n in T a b l e I . T a b l e I I l i s t s the i n t e r c r i t i c a l h e a t
t r e a t m e n t s a n d t h e m i c r o s t r u c t u r a l p a r a m e t e r s of
MVF a n d p c t C in t h e m a r t e n s i t e . T h e g r a i n s i z e o f
a l l s a m p l e s was 10 g m . T h e s t e e l s w e r e s e l e c t e d to
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A HT-1 745 6 0.64
B HT-1 780 10 0.42
C HT-1 800 15 0.30
D HT-I 820 25 0.24
E HT-1 840 35 0.15
F HT-6 745 15 0.64
G HT-6 780 25 0.42
H HT-6 800 35 0.30

*All samples were heat treated for 6 rain andicedbrine quenched.
Constant grain size = 0.010 mm.

p e r m i t v a r i a t i o n of e i t h e r MVF o r t h e p c t C in the
m a r t e n s i t e w h i l e t h e o t h e r p a r a m e t e r was h e l d con-
s t a n t . T h e m i c r o s t r u c t u r a l p a r a m e t e r s l i s t e d in
T a b l e II w e r e p r e d i c t e d f r o m t h e p h a s e d i a g r a m a n d
t h e v o l u m e f r a c t i o n o f s e c o n d p h a s e w a s c o n f i r m e d
w i t h m e t a l l o g r a p h y . T e n s i l e s p e c i m e n s w i t h a r e -
d u c e d gage l e n g t h o f 3 1 . 2 5 m m a n d a c r o s s - s e c t i o n
of 6.25 × 2 m m w e r e m a c h i n e d p r i o r to h e a t t r e a t -
m e n t . A l l t e n s i l e t e s t s w e r e p e r f o r m e d a t r o o m t e m -
p e r a t u r e o n a n I n s t r o n a t a s t r a i n r a t e o f 6.7 × 1O"~
s -1"

T h e o b s e r v e d s t r e s s - s t r a i n d a t a , a s s h o w n in F i g . 1 ,
c h a n g e w i t h b o t h MVF a n d p c t C in m a r t e n s i t e . F ig-
u r e s 2 a n d 3 s h o w t h a t t h e s t a n d a r d t e n s i l e p r o p e r -
t i e s a r e a f u n c t i o n o f b o t h MVF a n d p c t C in m a r t e n -
s i t e . A l s o f r o m F i g . 1 , i t i s a p p a r e n t in s p e c i m e n s
w i t h a c o n s t a n t M V F , t h a t t h e i n i t i a l s t r a i n h a r d e n i n g
c h a r a c t e r i s t i c s d e p e n d o n t h e p e t C in m a r t e n s i t e , i.e.
t h e m a r t e n s i t e s t r e n g t h a n d / o r m o r p h o l o g y .

I n g e n e r a l , t h e d e f o r m a t i o n b e h a v i o r of a m u l t i -
p h a s e m i c r o s t r u c t u r e i s c h a r a c t e r i z e d by t h e d e f o r -
m a t i o n of e a c h p h a s e p l u s t h e i n t e r a c t i o n b e t w e e n t h e
p h a s e s . I n d u a l - p h a s e s t e e l s , t h e d e f o r m a t i o n b e h a v i o r

35 % Mart. Vol. Fract.
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Fig. 1--Engineering s t r e s s - s t r a i n c u r v e s o f F e - C - M n - S i
s t e e l s with d u a l - p h a s e s t r u c t u r e . Martensite c a r b o n con-
tents and m a r t e n s i t e v o l u m e fractions a s shown.
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F i g . 2--Yield and tens i l e s t rengths as function of martens i te
vo lume fraction for Fe-C~Mn-Si s t e e l s wi th d i f f e r e n t m a r -
tens i t e c a r b o n contents .

i s e x p e c t e d to d e p e n d o n the d e f o r m a t i o n of f e r r i t e , o f
m a r t e n s i t e , o f r e t a i n e d a u s t e n i t e , i f p r e s e n t , and o n
the compat ib i l i ty b e t w e e n the p h a s e s . F u r t h e r m o r e ,
the o b s e r v e d b e h a v i o r s h o u l d d e p e n d o n the r e l a t i v e
s t r e n g t h s and v o l u m e f r a c t i o n s of e a c h p h a s e . For ex-
a m p l e , for a c o n s t a n t M V F , a s the p c t C i n m a r t e n -
s i t e i s i n c r e a s e d , i t i s a n t i c i p a t e d that the s t r a i n d i s -
t r i b u t i o n b e t w e e n the f e r r i t e and m a r t e n s i t e w i l l
c h a n g e , thus a l t e r i n g both i n i t i a l y i e l d i n g and s t r a i n
h a r d e n i n g at l o w s t r a i n s . Note that t h e pct C i n the
f e r r i t e d e p e n d s d i r e c t l y o n the pct C i n the m a r t e n -
s i t e s . A l t h o u g h v a r i a t i o n s i n pct C i n f e r r i t e have
b e e n s h o w n to a f f e c t m i c r o y i e l d i n g i n F e - C a l l o y s ,8
the data i n F i g . 2 w h i c h s h o w s a n i n c r e a s e i n y i e l d
s t r e n g t h with i n c r e a s e i n pct C i n m a r t e n s i t e ( w h i c h
c o r r e s p o n d s to a d e c r e a s e of pct C i n f e r r i t e ) i m p l i e s
that the e f f e c t s o f the pct C i n m a r t e n s i t e and M V F
o v e r s h a d o w v a r i a t i o n s i n f e r r i t e s t r e n g t h due to c a r -
bon. T h e b a l a n c e of th i s note s h o w s , v i a a n a l y s i s o f
s t r e s s - s t r a i n c u r v e s , a m e t h o d w h i c h w i l l potent ia l ly
a l l o w one to b e t t e r a n a l y z e the s t r e n g t h e n i n g m e c h a -
n i s m s i n d u a l - p h a s e s t e e l s .

T h e m a t h e m a t i c a l e x p r e s s i o n s w h i c h b e s t

Mar t.Vol. Fract= 15%
o Mart,Vol. Fract.=25%
C3Mar t.Vol. Fract.=35% -

Uniform o "o...
Elongation(%) ~ 3

5 ~

h Io., ,~ 0!3 o'., o!s o'.g o!, d~
Pct. C. in Martensite

Fig. 3 - - U n i f o r m elongat ion as function o f pet C in m a r t e n -
s i t e for Fe-C-Mn-Si s t e e l s wi th various martensi te vo lume
fractions.
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Fig. 4--Analysis of stress-strain c u r v e s of H T - I according
to Eq . [1].

d e s c r i b e s-l° the s t r a i n h a r d e n i n g b e h a v i o r of i r o n and
s t e e l i n u n i a x i a l d e f o r m a t i o n are:

c r = K E n ( H o l l o m o nn ) [1]

(r = (7 o + K ' ¢ n ' ( L u d w i c ki s ) [2]

w h e r e a mad £ a r e true s t r e s s and true p l a s t i c s t r a i n ,
and the o t h e r p a r a m e t e r s are c o n s t a n t s . E q u a t i o n [1 ]
has b e e n u s e d to d e s c r i b e the s t r e s s - s t r a i n b e h a v i o r of
d u a l - p h a s e s t e e l s ,2'4 i n w h i c h i t i s a s s u m e d that a
s i n g l e v a l u e of n d e s c r i b e d the s t r a i n h a r d e n i n g b e -
h a v i o r . F o r s t e e l H T - 1 , F i g . 4 s h o w s a plot o f ha cr
v s I n ~ for d u a l - p h a s e s t e e l s wi th d i f f e r e n t M V F .
T h e s e data are c l e a r l y not l i n e a r , and s h o w the ef-
f e c t o f M V F and that a s i n g l e v a l u e of n i n E q . [1]
does not a d e q u a t e l y d e s c r i b e the d e f o r m a t i o n of
d u a l - p h a s e s t e e l s .

M o n t e i r o e t a l n have s h o w n that a c o n v e n i e n t
m e t h o d for d e l i n e a t i n g s t a g e s i n s t r a i n h a r d e n i n g i s
by the a p p l i c a t i o n of the J a o u l tx % C r u s s a r d' s a n a l y s i s

i

1! STEEL H T - I

"%.

10

\ "-. N..

MVE (%) *,% C

- - - - 6 0.64 " " / ~ .

. . . . . I 0 0,42
6 - - 15 1 0 . 3 0

- - - 25 io.24
........ 5 5 10.16

'6 / 5 -'4 ;3 '2
In £p

F i g . 5--Stress-strain c u r v e s of s t e e l HT-1 according to
Jaoult-Crussard a n a l y s i s .
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% C in M o r t = 0 . 3 0

11 O M.%LF=SS% S t e e l HT-6

~o . ~ , A M.V.E= 15 % S t e e l HT-I
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I n Ep

F i g . 6 - - J a o u l t - C r u s s a r d a n a l y s i s of s t r e s s - s t r a i n c u r v e s .
Martensite volume fractions vary and m a r t e n s i t e c a r b o n con-
tent i s constant a s shown.
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F i g . 7 - - J a o u l t - C r u s s a r d a n a l y s i s of s t r e s s - s t r a i n c u r v e s .
Martensite c a r b o n content v a r i e s but martensite v o l u m e
fraction i s constant a s shown.

to E q . [2]. I n the J a o u l t - C r u s s a r d a n a l y s i s , l o g ( d a / d c )
i s p l o t t e d v s l o g E. F i g u r e 5 s h o w s t h e d a t a p r e s e n t e d
in F i g . 4 a s a J a o u l t - C r u s s a r d p l o t . N o t e in t h i s f i g u r e
t h e e f f e c t o f MVF a n d p c t C in m a r t e n s i t e o n t h e
s t r a i n h a r d e n i n g b e h a v i o r a t l o w s t r a i n s a n d t h e s i m i -
l a r i t y in b e h a v i o r a t h i g h s t r a i n s . F i g u r e 6 s h o w s
s i m i l a r r e s u l t s f o r a c o n s t a n t p c t C in m a r t e n s i t e but
w i t h t w o M V F , a n d F i g . 7 s h o w s r e s u l t s f o r a c o n s t a n t
MVF but d i f f e r e n t l e v e l s o f p c t C in m a r t e n s i t e .

F i g u r e 5 s u g g e s t s t h a t a t h i g h e r s t r a i n s t h e r a t e of
s t r a i n h a r d e n i n g i s s i m i l a r f o r t h e v a r i o u s s t a r t i n g
m a t e r i a l s . T h u s , d i f f e r e n c e s in s t r a i n h a r d e n i n g b e -
h a v i o r a n d u n i f o r m e l o n g a t i o n a r i s e f r o m t h e e f f e c t s
of MVF a n d pct C in m a r t e n s i t e on t h e s t r a i n h a r d e n -
i n g b e h a v i o r a t l ow s t r a i n s a s s h o w n in F i g s . 5 t o 7 .

I n s u m m a r y , t h e r e s u l t s d e s c r i b e d in t h i s no te s h o w
t h e i n d e p e n d e n t e f f e c t o f MVF a n d p c t C in m a r t e n s i t e
on t h e d e f o r m a t i o n b e h a v i o r of d u a l - p h a s e s t e e l s a n d
c l e a r l y i n d i c a t e that t h e i n t e r a c t i v e e f f e c t s p r i m a r i l y
o c c u r a t l o w s t r a i n s . It r e m a i n s to be s e e n i f o t h e r
m i c r o s t r u c t u r a l p a r a m e t e r s s u c h a s r e t a i n e d a u s t e n i t e
o r v a r i o u s t y p e s o f c a r b i d e p a r t i c l e d i s t r i b u t i o n s
e x e r t a s i m i l a r e f f e c t on t h e e a r l y s t a g e s o f d e f o r m a -
t i o n a s a m p l i f i e d by t h e J a o u l t - C r u s s a r d a n a l y s i s of
t h e s t r e s s - s t r a i n c u r v e s .

W e t h a n k AISI f o r i t s s u p p o r t of t h i s w o r k a n d D r .
A . R . M a r d e r o f the B e t h l e h e m S t e e l C o m p a n y f o r
p r o v i d i n g t h e s t e e l s . L . F . R a m o s a c k n o w l e d g e s t h e
f e l l o w s h i p s u p p o r t of C N P q - C i a de A c o s E s p e c i a i s
I t a b i r a - A C E S I T A ( B r a z i l ) .

METALLURGICAL TRANSACTIONS A

The Effect of Antimony on Sintering of
Silver in the Initial Stage

P . Y . Y . M A A K A N D K . T . A U S T

A p r e v i o u s s t u d y by T a k a h a t a e t a l1 g a v e s o m e i n -
d i c a t i o n that t h e a d d i t i o n of a s o l u t e ( 1 . 1 6 wt p e t Sb)
to s p h e r i c a l s i l v e r p o w d e r i n c r e a s e d t h e s h r i n k a g e
r a t e a t 800 a n d 8 5 0 ° C in t h e e a r l y s t a g e o f s i n t e r i n g
(up to a b o u t 0 . 5 p c t s h r i n k a g e ) . H o w e v e r , t h e d i f f e r -
e n c e in s h r i n k a g e b e t w e e n t h e p u r e A g a n d A g - S b
p o w d e r s w a s q u i t e s m a l l in t h i s i n i t i a l s t a g e . I t was
p o s s i b l e , t h e r e f o r e , t h a t t h i s r e s u l t m a y h a v e b e e n
p a r t l y a s s o c i a t e d w i t h e x p e r i m e n t a l e r r o r in m e a s u r -
i n g s h r i n k a g e ( a b o u t ± 0 . 0 0 1 8 m a x i m u m ) a n d in d e t e r -
m i n i n g t h e t r u e o r i g i n of the i s o t h e r m a l s h r i n k a g e
c u r v e s . It was e v i d e n t that f u r t h e r s t u d i e s a t l o w e r
t e m p e r a t u r e s w o u l d be r e q u i r e d b e f o r e u n e q u i v o c a l
s t a t e m e n t s c o u l d be m a d e r e g a r d i n g t h i s e a r l y s t a g e
o f s i n t e r i n g .

I n t h e p r e s e n t s t u d y , the e f f e c t o f Sb (1.1.6 wt pc t )
o n t h e s i n t e r i n g k i n e t i c s o f A g in t h e e a r l y s t a g e was
i n v e s t i g a t e d u s i n g l o w e r s i n t e r i n g t e m p e r a t u r e s (700
to 8 0 0 ° C ) a n d s h o r t e r s i n t e r i n g t i m e s (up t o 3 t o 4 h)
in a r g o n a t m o s p h e r e . T h e m a t e r i a l c h a r a c t e r i s t i c s ,
p r e p a r a t i o n of s p e c i m e n s f o r t h e s i n t e r i n g s t u d i e s ,
s h r i n k a g e m e a s u r e m e n t s a n d m e t a l l o g r a p h i c s t u d y o f
t h e s i n t e r e d s p e c i m e n s a r e d e s c r i b e d in R e f . 1 .

I s o t h e r m a l s h r i n k a g e c u r v e s o f A L / L o v s s i n t e r i n g
t i m e ( t ) a r e s h o w n in F i g . 1 f o r s p e c i m e n s s i n t e r e d a t
700 , 740 , a n d 7 6 0 ° C a n d in F i g . 2 f o r the d a t a a t 720 ,
760 a n d 8 0 0 ° C . T h e s e c u r a t e s i n d i c a t e t h a t t h e A g - S b
a l l o y s h r i n k s a t a f a s t e r ~ a t e t h a n the p u r e A g in t h e
f i r s t 10 t o 20 r a i n o f s i n t e r i n g a t t h e s a m e t e m p e r a -
t u r e . H o w e v e r , w i t h c o n t i n u e d s i n t e r i n g a t t h e h i g h e r
t e m p e r a t u r e s t h e r a t e o f s h r i n k a g e o f t h e a l l o y p o w -
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