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The morphology of martensite in 
Fe-C, Fe-Ni-C and Fe-Cr-C alloys 
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Department of Metal Science and Technology, Kyoto University, Yoshida-honmachi, 
Sakyo-ku, Kyoto 606, Japan 

The morphology of martensite in widely varying series of Fe-C, Fe-Ni -C and Fe-Cr-C 
alloys was investigated using optical microscopy. The effects of formation temperature 
and alloying elements on the martensite morphology were studied in detail. It was found 
that in Fe-C alloys, lath martensite forms in alloys with less than 0.8 wt % carbon, 
butterfly martensite forms in alloys with between 0.98 and 1.42 wt % carbon and lenti- 
cular martensite forms in alloys with more than 1.56 wt % carbon. In Fe-Ni -C alloys, 
four different martensite morphologies form depending upon the formation temperature 
and composition, and for alloys of a fixed carbon content the martensite morphology 
changes from lath to butterfly to lenticular to thin plate as the formation temperature is 
decreased. In Fe-Cr-C alloys, lath martensite forms at high temperature, and below the 
lath formation temperature mainly {2 2 5}f plate martensite is formed. Based on the 
resu Its obtained, the importance of the strength of austenite, and the austenite stacking 
fault energy to the martensite morphology was discussed. 

1. Introduction 
In ferrous alloys various martensite morphologies 
have been recognized. For instance, Fig. 1 shows 
four different morphologies of bcc (or bct)  mar- 
tensites observed in Fe -N i -C  alloys. These are 
called (a) lath, (b) butterfly, (c) lenticular and (d) 
thin plate martensite, respectively. These mar- 
tensites are distinguished not only morphologies 
but also crystallographically. According to previous 
studies, lath martensite exhibits a near {111}f 
habit and contains a high dislocation density 
[1-3].  Butterfly martensite exhibits a {225}~ 
habit, contains several kinds of defects other 
than {112)0 transformation twins and some but 
not all plates show mid-ribs [4, 5]. Lenticular 
martensite exhibits a {259}f or {3,10,15}f habit 
and is partially twinned with a mid-rib [1 ,6-8] .  
Thin plate martensite exhibits a {3 10 15}f habit 
and is completely twinned without a mid-rib 
[9-11].  Other than these four morphologies, 
plate4ike martensite with a {225}f habit has been 
observed in some ferrous alloys such as Fe -Cr -C  

[12,13], F e - C r - M n - C  [14] and Fe -Mn-C  
[15]. 

It is also known that martensite morphology in 
ferrous alloys is strongly related to the mechanical 
properties of materials and thus an understanding 
of the formation conditions of these martensite 
morphologies is of considerable importance. The 
purpose of the present study was to investigate 
the morphology of the martensite forms found in 
Fe-C,  Fe -Ni -C  and F e -Cr -C  alloys and observe 
the effect of alloying elements on the martensite 
morphology. Special attention was paid to the 
martensite with the {225}f habit. The possible 
factors controlling martensite morphology were 
discussed in view of the results obtained in the 
present investigation. 

2. Experimental procedure 
The alloys used in the present study were prepared 
by vacuum induction melting, and two commercial 
steels. Their chemical compositions are listed in 
Table I. Specimens were austenitized at 1423 K 
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Figure 1 Optical micrographs showing different morphologies of  martensi tes  formed in F e - N i - C  alloys. (a) Lath 
martensi te  in an  F e - 1 5 N i - 0 . 2 4 C  alloy. (b) Butterf ly martensi te  in an  F e - 2 0 N i - 0 . 7 3 C  alloy. (c) Lenticular martensi te  
in an F e - 3 1 N i - 0 . 2 3 C .  (d) Thin plate martensi te  in an F e - 3 1 N i - 0 . 2 9 C .  

fo r  1 .8  k s e c  in  v a c u o  a n d  q u e n c h e d  in  a sa l t  b a t h  

(o r  oi l  b a t h )  k e p t  a t  a t e m p e r a t u r e  T1 ( j u s t  b e l o w  

Ms)  t o  o b t a i n  a sma l l  a m o u n t  (a f e w  %) o f  m a r t e n -  

s i te ,  w h e r e  M s is a m a r t e n s i t e  s t a r t  t e m p e r a t u r e .  

S p e c i m e n s  were  t h e n  q u e n c h e d  u p  in  a sa l t  b a t h  

k e p t  a t  5 2 3  K ( f o r  t h e  s p e c i m e n s  w h o s e  M s t e m -  

p e r a t u r e  is a b o v e  523  K ,  s p e c i m e n s  w e r e  q u e n c h e d  

u p  a b o u t  4 0  K a b o v e  t h e  M s t e m p e r a t u r e )  h e l d  for  

5 t o  6 0 s e c  a n d  t h e n  w a t e r  q u e n c h e d .  W i t h  t h i s  

u p - q u e n c h i n g  t r e a t m e n t ,  t h e  m a r t e n s i t e s  f o r m e d  

a t  T t  we re  t e m p e r e d  a n d  s e n s i t i z e d  t o  t h e  f o l l o w -  

ing  e t c h i n g .  S u c h  a t e m p e r i n g  t e c h n i q u e  u s e d  t o  

o b s e r v e  t h e  m a r t e n s i t e  s t r u c t u r e  f o r m e d  a b o v e  

r o o m  t e m p e r a t u r e  is ca l l ed  t h e  G r e n i n g e r - T r o i a n o  

T A B L E  I Chemical composi t ions 

Specimen Elements  present  (wt%) M s (K) 

C Si Mn P S Cu Ni Cr Mo Fe 

F e - 0 . 6 0 C  0.60 0.23 0.49 0.017 0.012 . . . .  Bal 623 
F e - 0 . 9 8 C  0.98 0.26 0.16 0.007 0.006 0.01 0.01 0.03 0.01 Bal 463 
F e - 1 . 4 2 C  1.42 0.01 0.01 0.004 0.01 . . . .  Bal 383 
Fe=1.56C 1.56 0.14 0.33 0.004 0.005 - - 0.03 - Bal 353 
F e - 2 . 0 7 C  2.07 0.34 0.33 0.004 0.005 - - 0.03 - Bal 283 
F e - 8 N i - 1 . 2 6 C  1.26 0.010 0.002 0.006 0.015 - 7.55 - - Bal 203 
F e - 1 2 N i - I . 0 6 C  1.06 0.002 0.003 0.004 0.004 - 12.0 - - Bal 243 
F e - 1 5 N i - 0 . 2 4 C  0.24 0.008 0.002 0.002 0.005 - 14.74 - - Bal 453 
F e - 2 0 N i - 0 . 7 3 C  0.73 0.003 0.005 0.004 0.004 - 19.50 - - Bal 273 
F e - 2 5 N i - 0 . 3 7 C  0.37 0.04 0.005 0.003 0.002 - 25.21 - - Bal 234 
F e - I C 4 - 1 . 5 0 C  1.50 0.003 0.002 0.003 0.005 - - 1.07 - Bal 333 
F e - 3 C r - l . 4 4 C  1.44 0.004 0.001 0.003 0.004 - - 2.92 - Bal 273 
F e - 8 C r - 0 . 9 2 C  0.92 0.008 0.002 0.004 0.003 - - 7.78 - Bal 323 
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Figure 2 Optical micrographs showing morphologies of martensites formed in Fe-C alloys with various carbon content. 
(a) Fe-0.60C steel cooled to 528 K. (b) Fe-0.98C steel cooled to 453 K. (c) Fe-l.42C alloy cooled to 373 K. (d) 
Fe-2.07C alloy cooled to 273 K. 

(G-T)  heat treatment [1]. After these heat treat- 
ments specimens were polished mechanically and 
chemically and etched either with 2% nital, 5% 
nital or 35% aqueous sodium bisulphite solution 
prior to the optical microscope observation. 

A group of specimens were austenitized at 
1423 K for about 1.2 to 7.2ksec in a gaseous 
atmosphere (10% H2 and 90% N2) to produce a 
decarburized layer. Specimens were then quenched 
to temperature T1 to form martensite in the decar- 
burized layer within a certain depth from the sur- 
face. When the temperature T1 is above room 
temperature, specimens were tempered and then 
water quenched. After these thermal treatments, 
specimens were mechanically and chemically 
polished. Optical microscope observation was 
carried out after etching using the solutions men- 
tioned above. 

3. Experimental results 
3.1. Morphology of martensite in Fe--C 

alloys 
Fig. 2 shows optical micrographs of martensites 

formed in Fe-C alloys with various carbon con- 
tents. It is seen that lath martensite forms in the 
Fe-0.60C alloy (a), butterfly martensite forms 
both in the Fe-0.98C steel (b)and the Fe- l .42C 
alloy (c) and lenticular martensite forms in the 
Fe-2.07C alloy (d). According to previous studies 
[1, 16-18], lath martensite with a {1 1 1}~ habit 
forms in alloys containing less than 0.6wt% 
carbon, plate martensite with a {225}~ habit 
forms in alloys containing 1.0 to 1.4wt% carbon 
and plate martensite with a {2 5 9}f habit forms in 
alloys containing 1.8 wt % carbon. However, in the 
present study butterfly martensites were observed 
in the Fe-0.98C steel and the Fe- l .42C alloy. 
This indicates that Fe -C  martensite with a {2 2 5}f 
habit is butterfly martensite and can be distin- 
guished morphologically from lenticular martensite 
with a {2 5 9}~ or a {3 10 15}r habit. 

The morphology of martensite formed in an 
Fe- l .56C alloy is somewhat different from that 
of the commonly observed lenticular martensite. 
Fig. 3 shows martensite formed in an Fe- l .56C 
alloy at 343 K. An array of 'V'-shapes. each of 
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Figure 3 Optical micrograph showing martensite formed 
in an Fe-l.56C alloy cooled to 343 K. 

which consists of two relatively small lenticular- 
like martensites, is seen. A Rid-rib exists in each 
plate. However, the size of the martensite is smaller 
and the junction plane is shorter and more obscure 
than the lenticular martensite observed in F e - N i -  
C alloys with a high nickel content. The Fe-1.56C 
alloy has an intermediate carbon content between 
those alloys which form a {225}~ habit and a 
{259}~ habit [1]. Thus it is possible that the habit 
plane of the martensite formed in the Fe-1.56C 
alloy is inbetween {225}~ and {25 9}e and their 
morphology might be a unique one to these 
martensites. 

Our previous investigation [4] revealed that 
there are two types (called type A and B) of butter- 
fly martensite: 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 existance 
of a mid-rib. In the present study both type A and 

B butterfly martensites were observed in the 
Fe-C alloys but some differences were observed 
between F e - N i - C  and F e - C  alloys especially in 
type B butterfly martensite. 

Fig. 4 shows a comparison of type B butterfly 
martensite formed in the two alloy systems. Fig. 
4a shows the butterfly martensite formed in the 
Fe- l .42C alloy at 373 K and (b) shows the one 
formed in an Fe-18Ni-0 .7Cr-0 .5C alloy at 
263 K. It should be noted that a mid-rib exists in 
both alloys but many branches are observed only 
in the Fe -C  butterfly martensite. These branches 
are parallel to each other in a given plate and 
parallel to another martensite plate forming a pair. 
This indicates that the branched part and marten- 
site plate is a special combination of variants. 

3.2. Morphological transition temperature 
from butterfly to lath martensite in 
Fe -N i -C  alloys 

The morphological transition temperature from 
butterfly to lath martensite in F e - N i - C  alloys 
was determined using alloys with various nickel 
contents. To make the experiment easy, speci- 
mens whose carbon content is a function of depth 
from the surface were produced by applying an 
appropriate decarburization. After decarburization 
(which was also an austenitizing treatment) speci- 
mens were cooled to various temperatures to 
transform them to martensite with a certain depth 
in the decarburized layer, which is followed by the 
G - T  treatment. Specimens were then mechanically 
polished, changing the polished depth from one 
end to another (with one end deep and the other 
end shallow). The new surface exhibits regions 
with varying degrees of decarburization. Polishing 
was carried out until the new surface exhibited 

~'gure 4 Optical micrograph showing type B butterfly martensites observed (a) in an Fe-1.42C alloy cooled to 373 K 
and (b) in an Fe-18Ni-0.7Cr-0.50C alloy cooled to 263 K. 
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Figure 5 Optical micrographs showing the morphological transition from lath to butterfly martensite in Fe -Ni -C  
alloys. Martensites observed were formed in a decarburized layer of the specimens. (a) and (b) were taken from an alloy 
containing 12%Ni and the martensites were formed at 423 and 443 K, respectively. (c) and (d) were taken from an 
alloy containing 20%Ni and the martensites were formed at 383 and 395 K, respectively. (e) and (f) were taken from an 
alloy containing 25%Ni and martensites were formed at 323 and 343 K, respectively. 

100% martensite ( tempered and sensitized to the 
etching) at one end and 0% at the other end. The 

martensite formed at temperature T1 was recog- 
nized where the smallest amount  of  martensite 
was observed. A part of the present results are 
summarized in Fig. 5. Fig. 5a and b are martensites 
formed in the specimens containing 12wt% Ni 
( F e - 1 2 N i - I . 0 6 C  before decarburization).  As is 
seen, but terf ly  martensite forms at the region 
where M s is raised up to 423 K by decarburization 
while lath martensite forms at the region where M s 

becomes higher than 443 K by further decar- 
burization. In the alloy containing 2 0 w t %  Ni 
( F e - 2 0 N i - 0 . 7 3 C  before decarburization) butter- 
fly martensite (see Fig. 5c) forms at the region 
where M s is raised up to 383 K by decarburization 

and lath martensite is observed at the region where 
M s becomes higher than 395 K (see Fig. 5d). In 
the alloy containing 25 wt % Ni ( F e - 2 5 N i - 0 . 3 7 C  
before decarburization), but terf ly  martensite 
forms at the region where M s is raised up to 323 K 
(see Fig. 5e) and lath martensite is observed at the 
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Figure 5 Continued 

region where Ms becomes above 343 K (see Fig. 
5f). These observations clearly indicate that in 
F e - N i - C  alloys the morphological transition tem- 
perature from butterfly to lath martensite decreases 
markedly with an increase in the nickel content. 

3.3. Morphology of martensite in Fe-Ni -C 
alloys and its dependence on the 
formation temperature and 
carbon content 

Fig. 6 shows a graphical summary of the present 
observations relating the alloys to martensite mor- 
phology as a function of Ms temperature and 
carbon content. Each alloy is shown here as a 
point plotted at the formation temperature and 
carbon content and the marks indicate the main 
morphology observed. Marks with an asterisk 
correspond to results from non-decarburized 
specimens and marks without an asterisk indicate 
the morphology from decarburized specimens. The 
results below room temperature are those of 
previous investigations [ 19, 20]. From this diagram 
it can be seen that in the alloys of a fixed carbon 
content, the martensite morphology changes from 
lath to butterfly to lenticular to thin plate as the 
formation temperature is decreased with the 
increase in nickel content. The transition tempera- 
ture from lath to butterfly increases markedly 
with an increase in the carbon content, i.e. from 
293 K for a carbon free alloy (Fe-Ni  alloy) to 
about 513 K for 0.8wt% carbon alloy (Fe-C 
alloy). While the morphological transition tern- 
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perature from butterfly to lenticular increases 
gradually with increasing carbon content from 
273 K for a carbon free alloy to about 353 K at 
1.5 wt % carbon alloy. (Here the array of V-shaped 
martensite formed in Fe- l .56C alloy at 343 K 
was classified as a lenticular martensite.) 

3.4. Morphology of martensite in Fe-Cr-C 
alloys 

Although several studies on the morphologies of 
martensite in F e - C r - C  alloys have been reported 
[12, 13, 21,22], no systematic studies of the 
effect of formation temperature or chromium 
content on martensite morphology has been made. 
The morphology of martensite formed in F e - C r -  
C alloys is of special interest because chromium 
is one of the typical elements which reduce the 
stacking fault energy (SFE) of austenite in contrast 
with nickel. In the present study, martensite mor- 
phologies formed in various F e - C r - C  alloys were 
investigated. 

Fig. 7a shows the martensite formed in an F e -  
3Cr-1.44C alloys at 263 K. An array of V-shapes 
each of which consists of two small lenticular 
plates were observed. This martensite morphology 
is quite similar to that observed in the Fe- l .56C 
alloy and different from the common lenticular 
martensite plate which usually extends from one 
grain boundary to another, exhibiting a zig-zag 
pattern. Using F e - C r - C  alloys of similar com- 
positions Otte and Read [21] and Johnson and 
Wayman [22] determined the habit plane. They 
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both reported that the habit plane poles were 
not close to either {225}~ or {259}f but lie in 
between these two poles. Therefore, the marten- 
site morphology shown in Fig. 7a is possibly a 
unique form of  the martensite with a habit plane 
poles in between {2 2 5}~ and {2 5 9}~. 

Fig. 7b shows martensite formed in an F e -  
8Cr-0 .92C alloy at 303 K. Long thin marten- 
site plates extend from one grain boundary to 
another are seen but they do not form a zig-zag 
pattern like lenticular martensite. According to 

Figure 6 The morphology of Fe-Ni-C marten- 
site presented as a function of the formation 
temperature and the carbon content. The aster- 
isk indicates non-decarburized specimens. 

Morton and Wayman [12] and Shimizu e t  al. 

[13], the habit plane orientation of this marten- 
site morphology is close to {2 2 5}f and the mar- 
tensite plate exhibits several kinds of internal 
defects such as {1 12}b transformation twins, 
{1 1 0}b type planar defects and lengthy dis- 
locations. This type of martensite has also been 
observed in some other ferrous alloys such as 
F e - C r - M n - C  [14] or F e - M n - C  [15] and is 
called the {2 2 5 }~ plate martensite. 

The morphology of {225}~ plate martensite 

Figure 7 Optical micrographs showing martensite morphologies formed in Fe-Cr-C alloys. (a) Fe-3Cr-l .44C cooled 
to 263 K. (b) Fe-8Cr-0.92C cooled to 303 K. 
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Figure 8 Comparison of lenticular martensite and {225}f plate martensite. (a) Lenticular martensite formed in an 
Fe-23Ni-0.26C alloy at 273 K. (b) {225}f plate martensite formed in an Fe-8Cr-0.92C alloy at 303 K. 

sometimes appears similar to that of  lenticular 
martensite formed at relatively high temperature. 
Fig. 8 shows a comparison of  these two mor- 
phologies. Fig. 8a shows a lenticular martensite 
formed in an F e - 2 3 N i - 0 . 2 6 C  alloy at 273 K and 
Fig. 8b shows a {2 25}f plate martensite formed 
in an Fe -8Cr -0 .92C  alloy at 303 K. Both mar- 
tensites exhibit long thin plate shapes and a mid- 
rib. However. the lenticular martensite is accom- 
panied with many butterfly martensites of  the 
same group along the plate. The longitudinal 
directions of  the two wings of  butterfly martensite 
(traces of  {2 2 5}f) are not parallel to the direction 
of the mid-rib of  lenticular martensite (trace of  
{2 5 9}f). On the other hand {2 2 5}f plate marten- 
site exhibits one-directional branching as is seen in 
Fig. 8b. In general, martensite plate with a {2 2 5}f 
habit tends to form a pair with a special variant 

and the branching shown in Fig. 8b is considered 
to be one of  these pairs. As a whole, lenticular 
martensite is accompanied with butterfly marten- 
site along the plate and {225}f plate martensite 
exhibits one-directional branching. Thus these two 
morphologies can be distinguished with a conven- 
tional optical microscope. 

3.5. The effects of formation temperature 
and alloying elements on the 
morphology of martensite in Fe-C, 
F e - N i - C  and Fe -Cr -C  alloys 

In the present study the morphology of  marten- 
site formed in Fe -C ,  F e - N i - C  and F e - C r - C  
alloys were observed. The results are summarized 
as a function of  alloying elements and formation 
temperature as shown in Fig. 9. In the figure the 
vertical axis corresponds to the pure F e - C  alloys 
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Figure 9 The morphology of 
martensite formed in Fe-Ni-C 
and Fe-Cr-C alloys presented 
as a function of the formation 
temperature and content of 
alloying elements, n lath, o but- 
terfly, �9 {225}f plate, o butter- 
fly and {225}f plate, = lenticu- 
lax, [] butterfly and lenticular, 

butterfly, {225}f plate and 
lenticular. The asterisk repre- 
sents non-decarburized speci- 
mens. 
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Figure 10 Structural results of martensite for 
Fe-Ni-C alloys reported by Magee and Davis 
[231. 

and left and right hand sides from this line corre- 
spond to F e - N i - C  and F e - C r - C  alloys, respec- 
tively. The marks with an asterisk indicate results 
obtained from the non-decarburized specimens 
and the marks without an asterisk indicate those 
obtained from decarburized specimens. (Here the 
so called {225 }~ plate martensites were recognized 
from the morphological similarities with those 
formed in an Fe-8Cr-0 .92C alloy. The measure- 
ment of habit planes were not carried out in the 
present study.) From this diagram the following 
points can be seen. In all the alloys studied, lath 
martensite forms at high temperatures, lenticular 
martensite forms at low temperatures and at an 
intermediate temperature range martensite with a 
{225}~ habit forms. The lower temperature limit 
of the lath formation decreases with increase in 
either nickel or chromium content. Below the lath 
formation temperature, butterfly martensite forms 
in F e - N i - C  alloys while mostly {225}~ plate mar- 
tensite forms in F e - C r - C  alloys. 

As is shown above, an addition of either 
nickel or chromium to Fe -C  alloys changes the 
habit plane of martensite from near {11 1}f to 
{225}~. This indicates that the effect of austenite 
SFE on the transition of a habit plane from 

{111}~ to {225}~ may be small. However, the 
chromium addition drastically changes the marten- 
site morphology, that is, at the temperature range 
between 373 and 423 K only butterfly martensite 
forms in Fe-C alloys but {225}f plate martensite 
is predominant in alloys containing more than 
1 wt % Cr. This indicates that the effect of austen- 
ite SFE may be large on determining the morph- 
ology of martensite with {225}~ habit. 

4. Discussions 
4.1. The martensite morphology in 

F e - N i - C  alloys 
A number of investigations on the morphology of 
ferrous martensite have been reported. However, 
systematic studies on the effect of alloying ele- 
ments on the martensite morphology are limited. 
Magee and Davies [23] observed martensite 
morphologies formed in a widely varying series of 
F e - N i - C  alloys and summarized the results as a 
function of M s temperature and carbon content as 
is shown in Fig. 10. They classified the martensite 
morphology into lath and plate and showed tem- 
perature ranges at which either lath or plate marten- 
site or a mixture of the two morphologies forms. 

There are several differences between the figure 
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they reported (Fig. 10) and the figure obtained in 
the present study (Fig. 6). One is the classification 
of martensite morphologies. Magee and Davies 
classified martensite morphologies into lath and 
plate martensite but in the present study the so 
called plate morphology is further classified into 
3 types, i.e. butterfly, lenticular and thin plate. 
The second is the relation between the martensite 
morphology and temperature. In the present study 
the martensite formed just below Ms temperatures 
were observed using G - T  heat treatment. Thus the 
vertical axis of Fig. 6 indicates the formation tem- 
perature of martensite. On the other hand, Magee 
and Davies observed the martensite structure after 
cooling to room temperature. Thus although the 
vertical axis of Fig. 10 indicates the M s tempera- 
ture of the specimens, the points in the figure indi- 
cate the martensite structure formed at all the 
temperatures between M s and Ms or room tem- 
perature, where Ms is a martensite finish tempera- 
ture. Therefore these two figures are constructed 
in somewhat different ways and cannot directly 
be compared. However, one can see from Fig. 6 
that if the specimen with a M s temperature just 
above the morphological transition from lath to 
butterfly martensite is cooled to room tempera- 
ture, the structure obtained will be a mixture of 
lath and butterfly martensites. Thus it is under- 
standable why the mixed region exists in Fig. 10. 

4.2. 1. The factors controlling the 
martensite morphology 

There have been many discussion on the factors 
controlling the martensite morphology. The 
factors proposed so far are; 

(a) Ms temperature [3, 24, 25] 
(b) austenite stacking fault energy [7] 
(c) driving force associated with the transform- 

ation [26, 27] 
(d) the strength of martensite and austenite [28] 
(e) critical resolved shear stress for slip and twin- 

ning in martensite [29, 30]. 
In most of the cases these factors are related to 

each other and it is quite difficult to investigate 
the effect of one single factor on the martensite 
morphology. Therefore no general agreements 
have been obtained yet. 

At what stage of transformation is the marten- 
site morphology determined? Although not much 
is known about the nucleation mechanism of mar- 
tensite, it is hard to imagine that there exist dif- 
ferent structures of nuclei corresponding to differ- 
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ent morphologies of martensite. It is more likely 
that the structure of the nuclei is the same for 
every martensite morphology and the morphology 
will be determined during the growth process. In 
more realistic terms martensite morphology will be 
determined by the minimization of the plastic 
work for the lattice invariant shear in the austenite 
and martensite phases. If this is so, the strength of 
austenite and martensite at the M s temperature is 
considered to play a most important role in con- 
trolling the martensite morphology. The strength 
of martensite should be the strength of ferrite 
(over saturated solid solution of C, N etc) of the 
same composition with the parent phase and with- 
out lattice defects observed in fully grown marten- 
site. However the strength of the ferrite is gener- 
ally hard to estimate. On the other hand the 
strength of austenite at Ms temperature is rela- 
tively easy to obtain. Thus the interrelation 
between the strength of austenite and martensite 
morphology in F e - N i - C  alloys was examined. 

The strength of austenite was calculated con- 
sidering the carbon content and temperature. 
Since the solid solution hardening of austenite by 
nickel atom is very small [31 ], the influence of the 
nickel content on the austenite strength was 
ignored. The effects of carbon on the flow stress 
of austenite in F e - N i - C  alloys have been well 
studied by Bolling and Richman [32]. According 
to their experimental results the austenite flow 
stress at a strain of 10 -3 (measured by tensile tests 
with a strain rate 3 x 10-Ssec -1) and at a tempera- 
ture of 420 K is approximately given as 

o = 195.0 x (wt%C) + 76.4 (1) 

where o is in MPa mm -2. 
The effects of temperature on the austenite 

strength depends on the magnetic character, i.e. 
whether the austenite is ferromagnetic or para- 
magnetic. In F e - N i - C  alloys, except at very low 
temperature, martensite forms from paramagnetic 
austenite. Thus here only the austenite strength in 
the paramagnetic range will be considered. Accord- 
ing to Bolling and Richman [32], the temperature 
dependence of paramagnetic austenite strength (at 
a strain of 0.1%) can be expresses as 

0o 
- -  = 2.53 x (wt%C) + 0.20. (2) 
0T 

From Equations 1 and 2, the relationship 
between the temperature and carbon content 
which results in an equal austenite strength, can be 
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Figure 11 Comparison of the strength of austenite calcula- 
ted from the data reported by Bolling and Richman [32] 
with the morphological transition curves obtained in the 
present study. 

obtained. Fig. 11 shows such relationships for 
austenite strength of 100, 150, 200 and 
300 MPamm -2. Comparing these curves with the 
morphological transition curves in Fig. 6, the line 
of equal strength of austenite is relatively close to 
the morphological transition from lath to butter- 
fly martensite but not close to the morphological 
transition curve from butterfly to lenticular 
martensite. This indicates that the strength of 
austenite may play an important role in the 
morphological transition from lath to butterfly 
but not to that from butterfly to lenticular 
martensite. 

Davies and Magee [28] have measured the 
austenite strength at the M s temperature in various 
ferrous alloys and concluded that when the austen- 
ite strength is larger than 206.7 MPa (30,000 psi), 
the lenticular martensite with a {259}f habit 
forms irrespective of the strength of the marten- 
site. However, Fig. 11 shows that this statement 
does not hold for all the F e - N i - C  alloys, and for 
the formation of lenticular martensite some other 
factors (possibly the stacking fault energy of 
austenite) is working at the same time. 

5. S u m m a r y  
The effects of formation temperature and alloy- 
ing elements on the martensite morphologies, 
mainly those with {225}f habit, were studied 
using Fe-C,  F e - N i - C  and F e - C r - C  alloys. The 
main results obtained were as follows. 

1. In Fe -C  alloys at Ms temperatures lath mar- 
tensite forms in alloys containing less than 
0.8wt%carbon, butterfly martensite forms in 
alloys containing between 0.98 and 1.42 wt % car- 
bon and in alloys containing more than 1.56 wt% 
carbon lenticular martensite forms. 

2. Butterfly martensite formed in Fe -C  alloys 
exhibits much one-directional branching on each 
wing and these branches are parallel to other 
plates. 

3. In F e - N i - C  alloys four different morpholo- 
gies of martensite form depending upon the form- 
ation temperature and composition. For alloys of 
a fixed carbon content the martensite morphology 
changes from lath to butterfly to lenticular to thin 
plate as the formation temperature is decreased. 

4. The morphological transition temperature 
from lath to butterfly martensite increases 
markedly with increase in carbon content from 
293 to 513 K, while the morphological transition 
temperature from butterfly to lenticular or 
lenticular to thin plate martensite increases gradu- 
ally with increase in carbon content. 

5. In F e - C r - C  alloys lath martensite forms at 
high temperatures: below the lath formation tem- 
perature mostly {225}~ plate martensite forms. 
The butterfly martensite is observed only in alloys 
with a Cr content less than I wt %. 

6. The austenite SFE may play an important 
role in controlling the martensite morphology, i.e. 
whether it is butterfly or {2 2 5}f plate martensite. 

7. In F e - N i - C  alloys the morphological tran- 
sition from lath to lenticular martensite occurs 
nearly the same austenite strength over a wide 
range of temperature and carbon content. 
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