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Abstract.- A transmission electron microscopy and diffraction study of butter- 
fly martensite in Fe-Ni-Cr-C alloys was carried out with particular attention 
to details of the martensite substructure. It was confirmed that a butterfly 
martensite is consisted with two plates with (252)f and (252)f habit plane 
variants having the junction plane near {112Ib twins, lengthy dislo- 
cations and {lO1>b planar defects were observed as substructures of butterfly 
martensite. Observed {112Ib twins were not shaped as parallelograms, and twin 
edges Anside a martensite plate were not parallel to the twinning shear direc- 
tion [111]b in contrast to those in Fe-Ni lenticular m art en site. The majority 
of the lengthy dislocations were seen parallel to which is close to the 
shape strain direction of the (252)f variant. (O1l)b planar defects considered 
to be produced by the coalescence of martensite platelets were often observed. 
In the surrounding austenite slip on planes probably produced by the 
accommodation of the transformation shape strain were observed. In general, 
although butterfly martensite exhibits a unique paired morphology, its sub- 
structures were found to be quite similar to those observed in other morphol- 
ogy of martensite with the same {225lf habit. 

I. Introduction 

In ferrous alloys at least four different morphologies of bcc(bct) martensites 
have been recognized, i.e. lath[l], butterfly[2], lenticular[l] and thin plate[4] 
martensites. In spite of many previous works on the morphology and substructures of 
ferrous martensites, little is known about butterfly martensite[2,4-61 probably be- 
cause it forms above room temperature in most of the alloys. Our previous investi- 
gation[7] revealed that a-butterfly martensite consisted with special pair of vari- 
ants such as (252)f and (252)f. The optical microscope observation showed that 
there are two types of butterfly martensites; type A is characterized by thin wings, 
smooth and straight austenite-martensite interfaces and without a mid-rib while type 
B is characterized by thicker wings and an existence of a mid-rib. In this paper, 
recent observation made with transmission electron microscopy on the morphology and 
substructure of butterfly martensite in Fe-Ni-Cr-C alloys are presented. 

11. Experimental Procedure 

Fe-18.3Ni-1.OCr-0.50C (wt%) (Ms=243K), Fe-27.4Ni-1.3Cr-0.08C (Ms=230K) and Fe- 
32.2Ni (Ms=193K) alloys used were prepared by vacuum induction melting. Two Fe-Ni- 
Cr-C alloys exhibited butterfly martensite and Fe-Ni alloy showed lenticular marten- 
site. The ingots were hot-forged at 1373K to produce sheets about lOmm in thick- 
ness, and then homogenized in vacuum at 1473K for 20h. After being homogenized, 
they were cold-rolled down to O.5mm thick. Specimens were austenitized in vacuum at 
1473 or 1273K for lh and air-cooled to room temperature. Foils for transmission 
electron microscopy were prepared by chemical and electro polishing, and examined in 
JEM-2OOCX and lOOCX microscopes. 
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111. Results and Discussion 

(1) General Features of Butterfly Martensite 

Photographs l(a) and (b) show the typical examples of transmission electron 
micrographs of type A and type B butterfly martensites, respectively. It was recon- 
firmed from diffraction and trase analysis that a butterfly martensite is composed 
of two plates with (252)f and (252)f habit plane variants and the junction plane of 
these plates is near As is seen the austenite-martensite interfaces are rel- 
atively smooth but the junction plane of two plates is irregular and not a simple 
flat plane. The dark parallel bands seen in each plate are {112Ib transformation 
twins and the particular (252)f habit plane variant is associated with the (112)b 

twins. In type A butterfly martens- 
ite {112Jb transformation twins were 
observed only at the outer surface 
and they appear to extend upwards. 
Thus the outer surface of the type A 
butterfly martensite is considered to 
corresponds to the nucleation side ( 
mid-rib) and martensite plate grow 
only to one-side. In type B butter- 
fly martensite a mid-rib is observed 
around the center of each plate along 
the longitudinal direction. It was 
noted that such mid-ribs in the two 

0 . 5 ~  plates are continuous at the junction 
- +--+ plane. The {112Ib transformation 

twins are localized at the center 
mid-rib region of the each plate and 
appear to extend towards both inter- 
faces from a mid-rib region. Photo.2 
shows a butterfly martensite which 
exhibits both features of type A and 
B. As is seen the plate in the left 
hand side shows twins only at the 
outer surface while the plate in the 
right hand side exhibits a mid-rib 
along the length of plate. The exis- 
tence of such a butterfly martensite 
indicates that type A and B butterfly 

lFAn; martensite forms under the same for- - mation condition. Thus, the differ- 
Photo.1 Electron micrographs showing typical 
butterfly martensites formed in Fe-18Ni-1Cr- 
0.50C cooled to 233K: (a) type A; (b) type B. - 

\i - - . -h*B--C1w 1- 1 

Photo.2 Electron micrograph showing a butterfly martensite exhibits both features 
of type A and B. Fe-18Ni-1Cr-0.5C cooled to 233K. 



ce  i n  t h e  morphology between type A 
d  B i s  considered t o  b e  produced 
st  by t h e  d i f f e r e n c e  i n  t h e  growth 
chanism; whether one s i d e d ( t y p e  A) 

growth on both  s i d e s ( t y p e  B )  from 
mid-rib.  I n  t h e  p resen t  observa- 

ion  any f u r t h e r  d i f f e r e n c e  i n  sub- 
t r u c t u r e s  was no t  observed between 
hese  two types .  

(2) {112}b Transformation Twins 
0.4p1 
I------ 

Although t h e  {112Ib transforma- 
t i o n  twins  were observed i n  every  
b u t t e r f l y  m a r t e n s i t e  p l a t e  formed by 
subzero coo l ing ,  t h e  d e n s i t y  and ex- 
t ens ion  of twins  i n  b u t t e r f l y  marten- 
s i t e  v a r i e s  ex tens ive ly  from p l a t e  t o  
p l a t e .  Photo.3 shows t h r e e  b u t t e r f l y  
m a r t e n s i t e s  of t ype  A formed a t  d i f -  
f e r e n t  a r e a s  of t h e  same specimen. 
I n  each micrograph t h e  junc t ion  plane  
i s  loca ted  nea r  t h e  r i g h t  edge. I n  
( a )  s p a r s e l y  d i s t r i b u t e d  twins  a r e  
seen only  near  t h e  o u t e r  s u r f a c e ,  i n  
(b) a  somewhat h ighe r  d e n s i t y  of twins  
is  observed and some twins  a r e  extend- 
ed t o  about t h e  h a l f  width of t h e  
p l a t e  and i n  ( c )  a  high d e n s i t y  of 
twins  i s  observed and some a r e  extend- 
ed completely from i n t e r f a c e  t o  i n t e r -  

The f e a t u r e s  of {112)b twins  i n  
b u t t e r f l y  m a r t e n s i t e  is  t o  b e  d i s t i n -  
guished from t h o s e  i n  Fe-Ni l e n t i c u l a r  
mar t ens i t e .  Photo.4 shows t h e  d i f -  
f e rence  observed i n  t h e  th i ckness  and 

. ,shapes of t h e  twins .  Here ( a )  and ( c )  
Photo.3 E lec t ron  micrographs showing t h e  r e s p e c t i v e l y  show t h e  {112jb twins  
v a r i a t i o n  of t h e  ex tens ion  of {112Ib twins .  i n  b u t t e r f l y  and l e n t i c u l a r  martens- 

i t e s  when t h o s e  a r e  pe rpend icu la r  t o  
t h e  f o i l  su r face .  It i s  
seen t h a t  i n  l e n t i c u l a r  
m a r t e n s i t e  d e n s i t y  and 
th i ckness  o £  twins  a r e  

: almost uniform throughout 
t h e  p l a t e  b u t  t h i s  is  n o t  
t h e  case  f o r  b u t t e r f l y  

- m a r t e n s i t e ( a ) .  I n  but- - t e r f l y  m a r t e n s i t e  t h e  

Photo.4 Comparison of t h e  {112}b t r ans fo rma t ion  twins: 
( a )&(b)  b u t t e r f l y  m a r t e n s i t e  i n  Fe-18Ni-1Cr-0.5C; 
( c )&(d)  l e n t i c u l a r  m a r t e n s i t e  i n  Fe-32Ni. 

t h i ckness  of twins  v a r i e s  
from s e v e r a l  nm t o  sever-  
a l  t e n s  of nm. It i s  
i n t e r e s t i n g  t o  n o t e  t h a t  
i n  b u t t e r f l y  m a r t e n s i t e  
twins  a r e  curved a t  t h e  
mid-rib region.  Photo.  
4(b)  and (d) r e s p e c t i v e l y  
show t h e  case  f o r  b u t t e r -  
f l y  and l e n t i c u l a r  mar- 
t e n s i t e  where twin edges 
a r e  e a s i l y  t o  observe.  
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I n  l e n t i c u l a r  m a r t e n s i t e  t h e  twin edges a r e  p a r a l l e l  t o  each o t h e r  and t o  t h e  twin- 
n ing shea r  d i r e c t i o n  [ l l 1 I b [ 8 ]  a s  i s  seen i n  (d ) .  For t h e  m a r t e n s i t e  wi th  {225}f 
h a b i t  t h e  i n t e r s e c t i o n  of t h e  (112)b twig-plane wi th  t h e  (252)f h a b i t  p l ane  co r re -  
sponds t o  t h e  twinning shea r  d i r e c t i o n  [111]b. However, a s  i s  seen i n  (b) twin 
edges i n s i d e  t h e  m a r t e n s i t e  p l a t e  a r e  r a t h e r  i r r e g u l a r  and n o t  p a r a l l e l  t o  
nor p a r a l l e l  t o  each o t h e r .  It i s  noted t h a t  t h e  f e a t u r e s  of (112)b twins  i n  b u t t e r -  
f l y  m a r t e n s i t e  shown i n  Photo .4(a)  and (b) a r e  s i m i l a r  t o  those  observed f o r  twins  of 
{225Jf m a r t e n s i t e  formed i n  Fe-Cr-C[9] o r  Fe-Mn-Cr-C[10] a l l o y s  a l though t h e  martens- 
i t e  morphology is d i f f e r e n t .  Thus it  can b e  concluded t h a t  t h e  f e a t u r e s  of E1121.b 
t r ans fo rma t ion  twins  depends most ly  on t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of t h e  h a b i t  
p lane ,  t h a t  i s  whether i t  is  {225If o r  {259If o r  {3,10,15).  

(3) Other I n t e r n a l  Defects  

Photo.5 shows a  b u t t e r f l y  m a r t e n s i t e  p l a t e  e x h i b i t i n g  s e v e r a l  i n t e r n a l  d e f e c t s .  
A d i f f r a c t i o n  p a t t e r n  taken from t h e  m a r t e n s i t e  is given a t  t h e  upper l e f t  co rne r  
and showed t h a t  t h e  e l e c t r o n  beam i s  p a r a l l e l  t o  [Tol lb .  The p a t t e r n  was indexed s o  
t h a t  t h e  h a b i t  p l ane  of  t h e  m a r t e n s i t e  i s  (252)f which is  (374)b according t o  t h e  
Bain correspondence. From t h i s  s p e c i f i c  o r i e n t a t i o n ,  t r a c e s  of t h e  h a b i t  p l ane  and 
i n t e r n a l  d e f e c t s  were analyzed.  The t r ans fo rma t ion  twins  marked A a r e  c o n s i s t e n t  
wi th  (112)b. I n  untwinned r eg ion  of p l a t e ,  lengthy d i s l o c a t i o n  l i n e s  a r e  seen i n  
t h r e e  d i r e c t i o n s .  From t r a c e  a n a l y s i s  d i r e c t i o n  B  where t h e  ma jo r i ty  of l eng thy  
d i s l o c a t i o n s  a r e  seen i s  p a r a l l e l  t o  [111]b. Th i s  d i r e c t i o n  corresponds t o  [011]f 
according t o  t h e  Bain correspondence and i s  approximately p a r a l l e l  t o  t h e  shape 
s t r a i n  d i r e c t i o n  of t h e  (252)f h a b i t .  D i rec t ion  C and D c o i n s i d e  wi th  [010]b and 
[111Ib, r e s p e c t i v e l y .  Since  [ l l l l b ,  [OlOIb and d i r e c t i o n s  a r e  r e s p e c t i v e l y  
t h e  t r a c e s  of (011)b, (101)b and (011)b p l anes  on t h e  specimen s u r f a c e ,  t h e s e  d i s l o -  
c a t i o n s  a r e  considered t o  l i e  i n  t h e s e  {l&O}b planes .  The d i r e c t i o n  of d i s l o c a t i o n s  
i n  each {110lb p l ane  is  supposed t o  be  [111]b and [111]b. Since  <111>b i s  one 
of t h e  p o s s i b l e  Burgers  v e c t o r  of {110}b s l i p ,  t h e s e  d i s l o c a t i o n s  might be  pure  screw. 

Photo.6 shows f u r t h e r  examples of i n t e r n a l  d e f e c t s  i n  a  b u t t e r f l y  m a r t e n s i t e  
p l a t e .  From d i f f r a c t i o n  p a t t e r n  t h e  f o i l  p l ane  was indexed a s  (313)b s o  t h a t  t h e  
h a b i t  p l ane  of t h e  m a r t e n s i t e  p l a t e  i s  (252) f -  I n  t h i s  c a s e  t h e  p l ana r  d e f e c t s  
marked A and B a r e  c o n s i s t e n t  w i th  t h e  t r a c e s  of (lO1)b and (O1l)b p l anes ,  r e spec t ive -  
l y .  The d i r e c t i o n  C where a  h igh  d e n s i t y  of lengthy d i s l o c a t i o n s  is  seen corresponds 
t o  t h e  p r o j e c t i o n  of t h e  [ f i l l b  d i r e c t i o n  on t h e  specimen su r face .  However, t h e  
d i r e c t i o n  p a r a l l e l  t o  t h e  s p a r s e l y  d i s t r i b u t e d  d i s l o c a t i o n s  marked D does  no t  
correspond t o  any <111>b type  d i r e c t i o n  b u t  is  n e a r l y  p a r a l l e l  t o  t h e  p r o j e c t i o n  
of t h e  [213]b d i r e c t i o n  on t h e  specimen s u r f a c e .  

Photo.7 is  a  f u r t h e r  example of (011)b p l ana r  d e f e c t s .  This  micrograph was 
taken from t h e  m a r t e n s i t e  p l a t e  shown i n  Photo.5 a t  a  s l i g h t l y  d i f f e r e n t  d i f f r a c t i n g  

Photo.5 E lec t ron  micrograph showing (112)b twins  and l eng thy  d i s l o c a t i o n s  p a r a l l e l  
t o  t h r e e  d i r e c t i o n s .  Fe-27Ni-1.3Cr-0.08C cooled t o  193K. 



condi t ion.  From t r a c e  a n a l y s i s  t r a c e  A i s  nea r ly  p a r a l l e l  t o  (011)b. It is  seen 
t h a t  t h e  d i s t r i b u t i o n  of t h e  (O1l)b p lana r  d e f e c t s  along t h e  l eng th  of t h e  p l a t e  is  
e r r a t i c  and p lanes  a r e  somewhat curved. The mar tens i t e -aus ten i t e  i n t e r f a c e s  a r e  
o f t e n  s e r r a t e d  as soc ia ted  wi th  (011)b p lana r  d e f e c t s .  S imi la r  (011)b d e f e c t s  have 
been observed i n  {225}f m a r t e n s i t e  formed i n  Fe-Cr-C[9] and Fe-Ni-Mn[ll] a l l o y s .  
Shimizu e t  a1[9]  suggested t h a t  these  d e f e c t s  a r e  (011)b twins.  I n  t e t r a g o n a l  mar- 
t e n s i t e  i t  is  p o s s i b l e  t o  form (011)b twins .  However, (011)b d e f e c t s  o t h e r  than 
twins must e x i s t  s i n c e  s i m i l a r  (011)b d e f e c t s  were observed i n  t h e  cubic  m a r t e n s i t e  
formed i n  an Fe-Ni-Mn a l l o y .  Ka j iwara [ l l ]  suggested t h a t  t h e s e  ( 0 l l ) b  d e f e c t s  i n  t h e  
mar tens i t e  have been formed a s  a  r e s u l t  of t h e  coalescence of mar tens i t e  p l a t e l e t s .  

I n  t h e  surrounding a u s t e n i t e  a  h igh  dens i ty  of d i s l o c a t i o n s  was observed espe- 
c i a l l y  around t i p s  of mar tens i t e  p l a t e s .  An example of such d i s l o c a t i o n s  a r e  shown 
i n  Photo.8. The f o i l  p l ane  i s  (001)f.  From t r a c e  a n a l y s i s  t h e  two h a b i t s  and junc- 
t i o n  planes  were c o n s i s t e n t  wi th  (252)f ,  (252)f and (100)f a s  ind ica ted  i n  t h e  pic-  
t u r e .  It i s  seen t h a t  t h e  ( 2 5 2 ) ~  h a b i t  i s  assoc iz ted  wi th  s l i p  on (111)f and t h e  

it  is  assoc ia ted  wi th  s l i p  

ev ious ly  proposed by Shimlzu 
t h e  a s soc ia ted  {111}f aus- 

ps might be  caused by an 
ion e f f e c t .  For t h e  par- 
52)f h a b i t  p lane v a r i a n t  
t shea r  p lane  of t h e  auste-  
l l ) f ,  which makes an  ang le  
h  t h e  (252)f v a r i a n t .  The 

shape s t r a i n  d i r e c t i o n  of t h e  common- 
d  (252)f v a r i a n t  i s  nea r  
13,141, which l i e  i n  (111)f .  

*.Therefore,  t h e  shape s t r a i n  of t h e  
m a r t e n s i t e  p l a t e  w i l l  be  most e f fec -  

' t i v e l y  accommodated i n  t h e  a u s t e n i t e  
i f  t h e  s l i p  on (111)f is  a c t i v a t e d .  

t shoul  b e  noted i n  Photo. 
8  t h a t  d i s l o c a t i o n s  i n  t h e  surround- 
i n g  a u s t e n l t e  a r e  not  d i s t r i b u t e d  uni- - 

Photo.6 E lec t ron  micrograph showing { l lOjb  formly along t h e  l eng th  of p l a t e  but  
p lana r  d e f e c t s  and lengthy d i s l o c a t i o n s .  confined t o  t h e  { l l l j f  p lanes  around 
Fe-18Ni-1Cr-0.5C cooled t o  228K. t h e  t i p s  of m a r t e n s i t e  p l a t e s .  

Photo.9 demonstrates t h e  p o s s i b i l i t y  of coalescence of m a r t e n s i t e  p l a t e l e t s  
along (111)f which corresponds t o  (011)b according t o  t h e  Bain correspondence. The 

Photo.7 E lec t ron  micrograph showing Photo.8 Elect ron micrograph showing 
(O1l)b p lana r  d e f e c t s .  Micrograph was a s soc ia ted  s l i p s .  Fe-27Ni-1.3Cr-0.08C 
taken from t h e  same a r e a  wi th  Photo.5. cooled t o  193K. 
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' f o i l  p l a n e  i s  ( i 0 l ) f .  I n  t h e  p i c t u r e  
s e v e r a l  m a r t e n s i t e  p l a t e l e t s  of (252)£ 
h a b i t  p l ane  v a r i a n t s  a r e  s e e n  and t h o s e  
a r e  a s s o c i a t e d  w i t h  t h e  a u s t e n i t e  s l i p  on 
(111)f p l anes .  I t  appea r s  t h a t  t h e  d i s l o -  
c a t i o n s  on t h e  ( l l l ) f  p l ane  c o n s t r a i n  t h e  

w. growth of  m a r t e n s i t e  p l a t e l e t s  on  one s i d e  

and a l s o  n u c l e a t e s  ano the r  m a r t e n s i t e  p l a t e  / on a n o t h e r  s i d e .  Thus t h e s e  s t r u c t u r e s  

' 3  a r e  cons ide red  t o  b e  formed by an  auto-  
c a t a l i t i c  n u c l e a t i o n ,  t h a t  i s ,  an  i n i t i a l l y  
t ransformed p l a t e  g e n e r a t e s  s l i p  
which i n  t u r n  n u c l e a t e s  second p l a t e  of - _ -  t h e  same v a r i a n t ,  e t c .  The growth of t h e s e  
p l a t e l e t s  produces  bounda r i e s  a long t h e  

c (111)f which i s  p a r a l l e l  t o  (011)b.  It 

0!jPrn should  b e  noted  t h a t  (111)f and (011)b 
' p l a n e s  a r e  p a r a l l e l  close-packed p l a n e s  

Photo.9 E l e c t r o n  micrograph showing of the two structures according to  the 
segmented m a r t e n s i t e  p l a t e l e t s  which K-S orientation relationship. 
a r e  a s s o c i a t e d  w i th  a u s t e n i t e  s l i p .  The r ea son  why t h e  p l a t e  of a  p a r t i c -  
Fe-18Ni-1Cr-0.5C cooled  t o  243K. u l a r  ( 2 5 2 ) ~  h a b i t   lane v a r i a n t  forms a  - , L  

p a i r  w i th  t h e  p l a t e  of p a r t i c u l a r  (252)f  v a r i a n t  is  no t  f u l l y  unders tood.  I n  t h e  
p r e sen t  o b s e r v a t i o n  s m a l l  m a r t e n s i t e  p l a t e l e t s  i n  t h e  nea r -nuc l ea t i on  s t a g e  whose 
t h i c k n e s s  is  l e s s  t han  0.2um a r e  o f t e n  observed a s  s i n g l e  p l a t e s ( n o t  p a i r e d ) .  T h i s  
sugges t i ng  t h a t  t h e  second v a r i a n t  must be  nuc l ea t ed  du r ing  t h e  growth of  t h e  f i r s t  
p l a t e .  I t  is  known[lO2l3,14] t h a t  t h e  shape  s t r a i n  d i r e c t i o n  d l  f o r  t h e  m a r t e n s i t e  
p l a t e s  of  (252)f and (252)f h a b i t  p l a n e  v a r i a n t s  age  c l o s e  t o  each  o t h e r  and t h o s e  
a r e  n e a r  [ O l l l f .  The re fo re  p l a t e s  of  (252)f and (252)f h a b i t  p l a n e  v a r i a n t s  could  
not  form a  self-accommodating p a i r .  That  i s ,  t h e  second p l a t e  would n o t  b e  induced 
by t h e  shape  s t r a i n  of  t h e  f i r s t  p l a t e .  It is  known t h a t  f o r  t h e  m a r t e n s i t e  of t h i n  
p l a t e  morphology, a  ' k ink '  t y p e  morphology is o f t e n  observed.  T h i s  morphology is  
c o n s i s t e d  w i t h  a  p a i r  of  ( 3 ,15 , lO) f  and (3 ,15 ,10 ) f  v a r i a n t s  and t h e  j u n c t i o n  p l a n e  
is  ( 1 0 0 ) f [ 1 5 ? .  Consider ing  t h e  morphologica l  and c r y s t a l l o g r a p h i c  s i m i l a r l i t i e s  
between t h e  k ink '  t y p e  and b u t t e r f l y  morphologies ,  i t  would b e  expected  t h a t  t h e r e  
i s  an  common fo rma t ion  mechanism o p e r a t i n g  t h e s e  morphologies.  

I n  summary, b u t t e r f l y  m a r t e n s i t e  p l a t e s  of t h e  p a r t i c u l a r  (252)f h a b i t  p l a n e  
v a r i a n t s  a r e  a s s o c i a t e d  w i th  (112)b t r a n s f o r m a t i o n  tw ins ,  l e n g t h y  d i s l o c a t i o n s  most- 
l y  p a r a l l e l  t o  t h e  shape  s t r a i n  d i r e c t i o n  and a u s t e n i t e  s l i p  on  ( 1 l l ) f  p l a n e .  
Moreover (011)b p l a n a r  d e f e c t s  probably  formed by t h e  coa l e scence  of  t h e  m a r t e n s i t e  
p l a t e s  a r e  o f t e n  observed.  I n  g e n e r a l ,  t h e  s u b s t r u c t u r e s  of b u t t e r f l y  m a r t e n s i t e  
have many s i m i l a r l i t i e s  t o  t h o s e  of non-paired {225}f m a r t e n s i t e  formed i n  o t h e r  
f e r r o u s  a l l o y s  e i t h e r  a the rma l ly [9 ,10 ,13 ]  o r  i s o t h e r m a l l y [ l l ] .  
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