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I n t r oduc t i on  

Over the past few years,  the therma l -ass is ted  shear l o c a l i z a t i o n  of  metals and a l l o y s  
occur r ing  dur ing dynamic deformat ion has been an i n t e r e s t i n g  subject  of exper imenta l  and 
t h e o r e t i c a l  i n v e s t i g a t i o n s  because the occurrence of  | oca l i zed  shear deformat ion can f r e -  
quent ly  toad  t o  f a i l u r e  in  low d u c t i l i t y  and low t o u g h n e s s  f o r  m a t e r i a [ s .  A v a r i e t y  of  
d e f o r m a t i o n  and f r a c t u r e  modes have been  p r o p o s e d  t o  d e s c r i b e  t h i s  phenomenon,  b u t  t he  
r e l a t i o n s h i p  o f  t h e  m e c h a n i c a l  c o n d i t i o n  f o r  t he  f o r m a t i o n  o f  m a c r o s c o p i c  s h e a r  band w i t h  
the  m i c r o s t r u c t u r e  i s  no t  w e l t  u n d e r s t o o d  a t  p r e s e n t .  

I n  t h e  f i r s t  p a p e r ( I ) ,  we p r e s e n t e d  an i n v e s t i g a t i o n  on the  m i c , ' o s t r u c t u r e  c h a r a c t e r i s -  
t i c s  o f  l o c a l i z e d  s h e a r  d e f o r m a t i o n  bands  o c c u r r i n g  i n  a low c a r b o n  s t e e l  which c o n s i s t s  
o f  f e r r i t e - p e a r l i t e  s t r u c t u r e s .  As p a r t  o f  a s e r i e s  o f  s t u d i e s  on the  f o r m a t i o n  o f  l o c a l i -  
zed s h e a r  d e f o r m a t i o n  d u r i n g  dynamic t o r s i o n a l  t e s t i n g  a t  h i g h  speed  r a t e ,  t he  s t u d y  we 
p r e s e n t  h e r e  examines  t h e  m i c r o s t r u c t u r e  c h a r a c t e r i s t i c s  o f  t h e  l o c a l i z e d  s h e a r  band and 
i t s  a s s o c i a t e d  m e c h a n i c a l  c o n d i t i o n  in  a quenched  low c a r b o n  s t e e l  w i t h  l a t h  m a r t e n s i t e  
s t ruc tu re .  

Mate r ia l s  and Procedures 

Low carbon s t e e l ,  of compos i t i on ( in  we-~) O.22~C, 0.0097,5, 0.357.Si, 0.53~Mn, O.O18%P, 
and balance Fe, was se lec ted  fo r  the present study. 

The shor t  t h i n  wa i l  specimens w i th  2.Omm gauge length,  lO.OOmm i n t e r n a l  diameter and 
O.Smm wai t  th ickness were machined from rods, hea t - t r ea ted  at 83OEC fo r  30 minutes, f o l i o -  
wed by water quenching. 

The t o r s i o n a l  t es ts  used fo r  t h i s  study were performed in the t o r s i o n a l  s p l i t  Hopkinson 
bar .  The basic apparatus and exper imenta l  d e t a i l s  can be found elsewhere(2).  The specimens 
fo r  both o p t i c a l  and scanning e lec t ron  microscopy were sect ioned a f t e r  t e s t i n g  by spark 
machining and prepared by standrd meta l lograph ic  g r i n d i n g ,  p o l i s h i n g  and etch ing methods. 
H i c ros t ruc tu re  i n v e s t i g a t i o n s  by t ransmiss ion e lec t ron  microscopy were performed on a 
P h i l i p s  EH420 a n a | y t i c a l  e lec t ron  microscope operated at  IOOKV, inc lud ing  both t h i n  f o i l  
techniques and e lec t ron  d i f f r a t i o n .  

Results and Discussion 

Eva lua t ion  of the Temperature D i s t r i b u t i o n  w i t h i n  the Shear Band 

In specimen, p l a s t i c  deformat ion takes place by d i s l o c a t i o n  motion and i n t e r a c t i o n  of 
d i s l o c a t i o n s .  A small  par t  of  the work of p l a s t i c  deformat ion is  s tored as e l a s t i c  s t r a i n  
energy. The remaining 90 to 95~ is  converted i n to  hea t (3 ) .  The l oca t i z cd  shear deformat ion 
is  considered to be an " a d i a b a t i c "  process, so that  the heat loss may be neglected.  In 
other  words, the p l a s t i c  work is  converted in to  heat comple te ly .  The temperature ra ised 
w i t h i n  the band dur ing the course of  the t e s t i n g  accord ing to the f o l l ow ing  r e l a t i o n s h i p :  

. p Cv 

i s  a b o u t  220e. 5 C which  i s  much lower  t h a n  t h a t  o f  t h e  phase  t r a n s m i s s i o n  t e m p e r a t u r e  o f  
t he  s t e e l ,  w h e r e ~ Q a n d ~ ' ~ c o r r e s p o n d  t o  s h e a r  s t r e s s  and s t r a i n  r e s p e c t i v e l y ,  p ; m a t e r i a l  
d e n s i t y  and Cv: h e a t  c a p a c i t y .  In  f a c t ,  t he  e v e n t u a l  t e m p e r a t u r e  r i s e  in  t he  band may be 
more o r  l e s s  t h a n  t h i s  v a l u e  b e c a u s e  o f  h e a t  c o n d u c t i o n .  
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M e c h a n i c a l  P r o p e r t y  

F i g . l  shows a t y p i c a l  s h e a r  s t r e s s - s t r a i n  c u r v e  f rom wh ich  i t  i s  c l e a r  c h a t  t h e  work  
h a r d e n i n  8 c h a n g e s  from p o s i t i v e  t o  n e g a t i v e  a t  t h e  c r i t i c a l  s t r a i n  o f  0 . 3  a t  w h i c h  t h e  
l o c a l i z e d  s h e a r  band d o e s  i n d e e d  d e v e l o p  i n  t h e  q u e n c h e d  tow c a r b o n  m a r c e n s i C e  s t e e l . T h i s  
s t r a i n  v a l u e  c h a t  t h e  l o c a l i z e d  s h e a r  band d e v e l o p e d  i s  l o w e r  t h a n  t h a t  i n  low c a r b o n  
f e r r i t e - p e a r l i c e  s t e e l ( l ) ,  t h e  two s t e e l s  have  t h e  same c h e m i s t r i e s  b u t  a r e  d i f f e r e n t  in  
t h e  h e a t  t r e a t m e n t .  

The comparison of the two tests in the same steel show that the higher the strength 
of the material, all other material properties rema£ning the same, the more susceptible 
it is to localized shear band formation. These results are consistent with the observation 
of Costin et a1(1979)(4) in cold rolled steel that the shear band developed at a critical 
strain of 0.3, and Ctifton(1983)(5) in hot rolled steel at the critical strain of O.8-1.0. 
These  a r e  s i m i l a r  Co r e s u l t s  o b t a i n e d  by H a r t l e y  e t  a l ( 6 ) .  

M i c r o h a r d n e s s  m e a s u r e m e n t s  t r a n s v e r s e  t o  t h e  s h e a r  band a r e  shown in  F i g . 2 .  i t  i s  s e e n  
c l e a r l y  ~ h a t  t h e  h a r d n e s s  v a l u e s  i n  and n e a r  t h e  s h e a r  band d e c r e a s e  w i t h  d i s t a n c e  from 
t h e  band c e n t e r  u n t i l  t h e  m a t r i x  h a r d n e s s  i s  r e a c h e d .  T h i s  means t h a t  on t h e  b o t h  s i d e s  of  
t h e  band t h e r e  a r e  r e g i o n s  where  t h e  m a t e r i a l  h a s  s u f f e r e d  v a r i o u s  d e g r e e s  o f  d e f o r m a t i o n  
s t r e n g t h e n £ n g  and t h e r m a l  s o f t e n i n g .  I t  s h o u l d  be p o i n t e d  ou t  t h a t  t h e  h a r d n e s s  v a l u e s  i n  
t h e  band have  a s l i g h t  s c a t t e r  b e c a u s e  o f  t h e  s t r u c t u r a l  damage i n  t h e  b a n d .  

MicrostrucCure C h a r a c t e r i s t i c s  

One i m p o r t a n t  a s p e c t  o f  t h e  c u r r e n t  r e s e a r c h  on l o c a l i z e d  s h e a r  d e f o r m a t i o n  f o r m a t i o n  
i s  t o  s t u d y  i t s  i n t e r n a l  m i c r o s t r u c t u r e  u s i n g  SEM and T E M ( 1 , 8 , 9 ) .  

F i g . 3  shows a m a c r o - e t c h e d  s e c t i o n  o f  a s p e c i m e n  a f e t r  dynamic  t o r s i o n a l  d e f o r m a t i o n  
a t  650 S ~ a t  w h i c h  a t y p i c a l  l o c a l i z e d  s h e a r  d e f o r m a t i o n  band can  be found  t o  d i s t r i b u t e  
o v e r  t h e  d e f o r m e d  r e g i o n ,  a s  shown in  F i g . 4 .  The w i d t h  o f  t h e  band i s  e s t i m a t e d  t o  be o f  
t h e  o r d e r  o f  m a g n o t u d e  o f  7 0 ~ m  w h i c h  i s  g r e a t e r  t h a n  i n  f e r r i t e - p e a r i i t e  s t e e l ,  c o n s i s t e n t  
w i t h  t h e  p r e d i c t i o n  o f  t h e  model  p r o p o s e d  by Dodd and B a i ( 1 9 8 5 ) ( 7 ) .  T h i s  i m p l i e s  t h a t  t h e  
g r e a t e r  t h e  s t r a i n  r a t e  i n  t h e  s h e a r  b a n d ,  t h e  n a r r o w e r  t h e  w i d t h  of  t h e  s h e a r  band .  

A s e r i e s  o f  o b s e r v a t i o n s  by s c a n n i n g  e l e c t r o n  m i c r o s c o p y  i n d i c a t e  t h a t  t h e  g r a i n s  i n  
t h e  band were  r o t a t e d  and e l o n g a t e d  ac a c e r t a i n  a n g l e  w i t h  t h e  s h e a r  d i r e c t i o n  due t o  t h e  
m a t e r i a l  i n  t h e  band  h a v i n g  s u f f e r e d  v a r i o u s  d e g r e e s  o f  d e f o r m a t i o n .  C a r e f u l  o b s e r v a t i o n s  
show t h a t  t h e  d i s l o c a t i o n  d e n s i t y  i n  t h e  band i s  e x t r e m l y  h i g h  i n  c o m p a r i s o n  w i t h  t h e  
d e f o r m e d  r e g i o n  to  e i t h e r  s i d e  o f  t h e  band ;  t h e  t a n g l e d  a r r a n g e m e n t  o f  d i s l o c a t i o n s  t e n d s  
t o  be a l i g n e d  a l o n g  t h e  l o c a l i z e d  s h e a r  h a n d .  T h i s  f e a t u r e  c an  be s e e n  more c l e a r l y  i n  F i g . 5 ,  
where  d i s l o c a t i o n  c e l l  s t r u c t u r e  b e g i n s  t o  fo rm.  

I t  i s  i n t e r e s t i n g  Co compare  t h e  s e l e c t e d  a r e a  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom t h e  
different grains in the band. Fig.6 is the grain A in the band from which a relatively sim- 
ple pattern is obtained. The crystallographic nature in this grain can be explaned by the 
trace ~332~ of slip. On the other hand, Grain B in the same band does not keep a crystallo- 
graphic nature, as can be seen from the well developed spotty ring pattern produced, this 
implies chat the operation of multiple slip systems could be acted by microscopic region of 
large misorientaClons Chat could be caused by the operation of multiple slip combined with 
large accumulated plastic strain in the band. Therefore, in grain B, the shear band is non- 
crystallographic form. This observation shows chat the shear band have a spatial distribu- 
tion. Although some regions in micro-scale involve crystallographic slip processes, the 
overall macroscopic deformation band can appear non-crystallographic form which is similar 
Co the observation in a commercial aluminum alloy by Korbel ec al(8). 

Damage and Fracture 

As a result of localized shear deformation band formation under dynamic deformation° 
severe damage of the structure appears along the band. observations by scanning electron 
microscopy reveal Chat there are several ways Co initiate a microcrack in the band. In 
other words, the microcracks, in genera[, nucleate at the grain boundary, the interface 
between martenslte and fertile tachs, and interfaces such as carbides and so on. The degree 
of structural damage in the band leading co final fracture can be assessed by using the 
number of cracks per unlC area as a function of structura[ damage(1). Fig.7 shows an SEH 
micrograph of the fracture surface of this steel where the shear band developed. The frac- 
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l u r e  s u r f a c e  appea rs  d i s t i n c t l y  f i b r o u s .  I t  i s  composed o f  s e r i e s  o f  e l o n g a t e d  d imp les  
o r i e n t e d . i n  the  d i r e c t i o n  o f  s h e a r i n g .  T h i s  r e s u l t  i s  s i m i l a r  t o  the  o b s e r v a t i o n  o f  

H a r t l e y  e t  a t ( 6 )  in  CRS s t e e l .  They p o i n t e d  ou t  t h a t  t he  f i b r o u s  n a t u r e  o f  the  f r a c t u r e  
i s  due to  t he  o c c u r r e n c e  of  l o c a l  h e a t i n g  from the  l a r g e  dynamic s t r a i n  in  t he  s h e a r  
band .  

I t  i s  a p p a r e n t  t h a t  t he  [ o c a [ I z e d  s h e a r  d e f o r m a t i o n  induced  f r a c t u r e  i s  of  g r e a t  
s i g n i f i c a n c e .  A l a r g e  number of  i n v e s t i g a t i o n s  show t h a t  t he  f r a c t u r e  a l o n g  t he  s h e a r  
band i s  a t t r i b u t e d  to  c u m u l a t i v e  microdamage d u r i n g  t he  c o u r s e  o f  s h e a r  l o c a l i z a t i o n .  
As Bai p o i n t e d  o u t ( I O )  r e c e n t l y ,  t h e r e  a r e  no p r e d i c t a b l e  t h e o r i e s  to  d e s c r i b e  t he  evo-  
l u t l o n  of  mlcrodamage a s  we l l  a s  t he  a s s o c i a t e d  a b r u p t  of  s h e a r  s t r e n g t h .  In o t h e r  
words ,  t h e  o c c u r r e n c e  of  a l o c a l i z e d  s h e a r  band i s  a complex d e f o r m a t i o n  p r o c e s s  i nvo -  
l v i n g  o r i e n t a t i o n  c h a n g e ,  work h a r d e n i n g  and h e a t  s o f t e n i n g  w i t h i n  the  band and t he  the  
p o s s i b l e  d e f o r m a t i o n  o f  m l c r o s t r u c t u r a l  damage p r i o r  to  f i n a l  f a i l u r e .  In  some c a s e s ,  
t h e  f a i l u r e  i s  c a t a s t r o p h i c .  That  i s ,  t h e ' i n i t l a t i o n  and p r o p a g a t i o n  of  the  f a i l u r e  
e v e n t s  a r e  a l m o s t  s i m u l t a n e o u s .  S ince  i t  i s  ve ry  d i f f i c u l t  to  f o l l o w  the  whole p r o c e s s  
o f  deve lopment  of  the  e v e n t s  d u r i n g  t he  t e s t i n g ,  the  f r a c t u r e  mechanisms  o c c u r r i n g  a long  
t h e  band a t  bo th  macro -and  m i c r o - s c o p i c  s c a l e s  i s  recommended f o r  f u t u r e  s t u d y .  

C o n c l u s i o n s  

1. A l o c a l i z e d  shear  band does indeed deve lop  a t  the c r i t i c a l  s t r a i n  o f  0 ,3  in  the  
quenched m a r t e n s i t e  low ca rbon  s t e e l .  The w i d t h  o f  the band in  t h i s  s t e e l  i s  l a r g e r  
than  t h a t  i n  low ca rbon  f e r r i t e - p e a r I i t e  s t e e l .  

2. The h i g h  d e n s i t y  o f  d i s l o c a t i o n s  and t a n g l e d  and c e l l  s t r u c t u r e s  o f  d i s l o c a t i o n s  
suggest  t h a t  the m a t e r i a l s  w i t h i n  the  ba.id have s u f f e r e d  a l a r g e  m i s o r i e n t a t i o n  and 
heavy d e f o r m a t i o n .  

3. Because o f  the  l a r g e  accumula ted  p l a s t i c  s t r a i n  in  the  shear  band, some g r a i n s  i n  
the  band become n o n - c r y s t a l l o g r a p h i c  fo rm,  and some g r a i n s  s t i l l  r e t a i n  t h e i r  c r y s t a l -  
l o g r a p h i c  n a t u r e .  Th i s  i m p l i e s  t h a t  the l o c a l i z e d  shear  d e f o r m a t i o n  band i n v o l v e s  a 
s p a t i a l  d i s t r i b u t i o n .  
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F i 8 . 2  P r o f i l e  oE t h e  m i c r o h a r d n e s s  a c r o s s  t h e  s h e a r  band  i n  
q u e n c h e d  low c a r b o n  s t e e l  



Vol. 24, No. 3 SHEAR BAND 575 

m 

F i g . 3  H a c r o - e t c h e d  s e c t i o n  of  specimen F i g . 4  The t o c a t l z e d  s h e a r  de format ion  
in  the low carbon m a r t e n s i t e  s t e e l  

Fig.5 TEH mlcrographs showing the heavy density of dislocations and 
cell structure as well as the tangled arrangement of dlstoca- 
tions-tends to atign along the length of the shear band 
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\ Grain B 

Fig.6 TEH micrographs showing the microscopic characteristics of a localized 
shear band. The grain A in the band exhibits a crystallographic form; 
however, in grain B, the shear band is non-crystallographic in form. 

F i g .  7 Shea r  d i m p l e s  on the  f r a c t u r e  
s u r f a c e  


