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Abstract. Compact deformation - induced martensite found in Fe - 25Ni - 0.66C alloys has been studied by 
using optical, electron and scanning electron microscopy. The compact martensite consists of a large 
number of martensites with different variants connected closely to form large bulk in which almost no 
residual austenite remains. Its formation process is by further growth of thin plates to form lenticular plates 
and possible crossing and coalesence to form bulky martensite. These growth and coalesence are through 
martensitic twinning or twinning domains during deformation which leads to various interactions between 
the plates including cross, insert, coalescence and conversion. The substructure of the martensite is a 
crisscross twinning net. The corresponding deformation modes of the austenite are also studied. 

1. INTRODUCTION 

A series of investigations on morphology transitions of deformation -induced martensites 
have been performed in Fe - Ni and Fe - Ni - C alIoys[l - 41. With the increase of tensile 
deformation level, different types of deformation - induced martensites were found. In 
addition to (1 l l ) r  butterfly martensite, couples of self accommodating thin plates and 
lenticular couples of self accommodating martensites, compact (or massive) martensites 
were found in Fe  - 30Ni and Fe - 25Ni - 0. 66C alloys1. For the Fe - 30Ni alloy, transi- 
tions in morphology were observed with progressive deformation levels going from 
lenticular to butterfly and to compact martensites. The deformation - induced butterfly 
martensites with different { I l l /  r habit planes were conjugated closely to form the com- 
pact martensite in which the substructure was high densities of dislocations and no 
residual austenites were found between the conjunctive plates[3]. For the Fe - 25Ni - 
0. 66C alloy, morphology transitions from thin plate to lenticular and to compact 
martensite were observedL41. This compact martensite consisted of many plates which 
were also connected closely to form large bulk. However, its substructure and formation 
process are not clear. The purpose of the present work is to study the formation mecha- 
nism of the compact martensite and the deformation modes of the austenite. 

2. EXPERIMENTAL PROCEDURE 

Three alloys, Fe - 25Ni - 0.66C, Fe - 30Ni - 0.25C and Fe - 30Ni - 0.34C, were selected 
in order to investigate the formation of compact martensites. Specimens were austenitized 
at 1100°C for 30 min, and then quenched to room temperature. The M, temperature were 
respectively - 153OC, - 88OC, and - 20S°C. The mean grain size of the specimen is about 
65pm for Fe  - 25Ni - 0. 66C alloy. Tensile tests were carried out at a constant tempera- 
ture between M, and Md on a Shimadiu Autograph DSC - lotons and or on a thermome- 
chanical simulator Dithem. The specimens were cut parallel and perpendicular to the 
tensile direction. The microstructure of the alloys were studied by optical, transmission 
electron and scanning electron microscopy. 

Al cmpxitions a-e given in vd%. 
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3. RESULTS and DISCUSSION 

3.1  Optical micrography 

The morphology of deformation - induced martensite in Fe - 30Ni - 0. 25C alloy is 
lenticular. The martensite plates become thinner in width than those of thermally 
transformed without applied stress, and tend to have an identical orientation. When the 
deformation is increased up to 31 % in tension at a higher temperature NE + 48°C ( m  = - 
8ti°C), the martensite plates are likely connected to form a "compact martensite" in which 
the residual austenite still remains between the plates, as indicated by arrows in figure 1 
(a) .  Around the "compact martensite", three deformation twinning systems designated 
by I , II and III in figure l ( a )  were operating in the austenite under external applied 
stress. I t  im~l ied  that the austenitic nrain was locallv rotated and in the local region - - 
around the rotation center, new variants of martensite with favourable orientation were 
easily induced. As a result, many plates with different orientations were connected and 
concentrated in the rotation region, as indicated by the large arrows in figure l ( a ) .  

Similar results were found in Fe - 25Ni - 0. 66C alloy. As shown in figure l ( b ) ,  
three deformation twinning systems were operating in the austenite as labeled by I , II , 
Ill and some compact martensites labeled by A were induced. Beyond the deformation 
twinning region in the austenite, individual lenticular martensites can be found, as la- 
beled by B in the figure. 

Figure l ( c )  is a typical morphology of the deformation -induced compact martensite 
in Fe - 25Ni - 0. 66C alloy. This compact martensite consists of many plates con- 
nected closely even crossing each other to form rectangular bulks. Figure l ( d )  shows an 
intermediate stage of the formation of a compact martensite in the same alloy. This 
magnified microstructure is similar to the one labeled by A in figure l ( b ) .  I t  is noted that 
the compact martensite was formed through the morphology transitions from thin plate 
to lenticular and to bulky martensites. The lenticular plates as indicated by arrows in 
figure l ( d )  which present an internal part similar to the thin plates can be considered as 
formed from the thin plates and inherited the chracteristics of the thin plates. There- 
fore, this type of lenticular plates can cross and coalesce with each other. All these fea- 
tures can be observed in figure l ( d ) .  

3.2 Transmission electron microscopy 

Figure 2(a)  is a dark field image obtained by TEM showing a lenticular couple of self 
accommodating martensite plates named lenticular couply -plate obtained by deformation 
in Fe - 30Ni - 0. 34C alloy[3]. In the right variant of the lenticular couple - plate, some 
transfornation twinning bands seem to have extended into the austenite when the plate has 
further grown. Marks A and B could represent respectively a first and second step of the 
plate growth. In this case, each band consists of about 5 pre -existed fine transformation 
twins. These twinning bands can be explained as deformation twinning of martensite 
induced by external applied stress. The similar growth of thin plate by twinning bands 
was also found in Fe - 25Ni - 0.66C alloy, and new thin plates, parallel with the twinning 
bands were induced, as shown in figure 2(b). 

We have shown in figure l (d )  that for Fe - 25Ni - 0.66C alloy, the plates were able to 
cross each other. Figure 3(a) shows such a crossing: one plate A has a sidewise distri- 
bution of transformation twins and the other plate B has a longitudinal distribution of 
transformation twins. In the crossing area, a complex substructure of domains is ob- 
served. A series of domains forming spair inside the crossing area, named couple -domains 
were induced in the plate B[5], as denoted by letters a ,  b , c, d ,  e and f etc. in figure 3. 
From the electron diffraction pattern figure 3(b) taken from the crossed region and the 
dark field (DF)images figure 3(c) and (d) taken from spots (200)b and (200)bt respec- 
tively, it was found that the parallel couple - domains are twin related. They can be 
considered as self - accommodating domains and they have the same orientation as do- 



Figure 1. Optical micrographs showing deformation -induced "compact martensites" and deformation twinning of 
austenite. (a) deformed at - 40C(Ms= - 88'C), e=31% in Fe - 30Ni - 0.25C, (b)at - 80C (Ms= - 153C), 
e=8% (c) and (d)at - 120C(Ms+33C), € = l o %  in Fe -25Ni-0.66C 

mains in plate A. As shown on the DF images figure 3(c) and ( d ) ,  the domains in plate 
A are also twin related and connect with the couple - domains in plate B on the A - B 
junction plane. Each domains in plate A contains 5 to 15 fine transformation twins as 
increasing number of twins going from a to f corresponding to the growth of couple - 
domains of plate B. 

An increase in the thin plate width was clearly shown for the Fe  - 25Ni - 0. 66C alloy 
transformed during deformation or during cooling under stress[ 61. Variations of the in- 
ternal distribution of transformation twins during the plate growth have been reported 
previously by Roytburd and Pankova for stress - induced martensite formed in Fe - Ni - C 
alloys[ 71. On the basis of the thermodynamics analysis of martensitic transformation 
under stress, the authors predicted and observed a new equilibrium substructure i.  e. a 
new distribution of the transformation twins if the transformation occurs under stress. 
The formation of bands that we observe can thus be related to the change in the trans- 
formation twin distribution as martensite forms under stress. In Roytburd theoritical 
analysis, the interfaces between twins are mobile and the plate tends to reach an equi- 
librium substructure. The continuous change in twin distribution observed along the 
plate width can be related to a change of the stress state near the martensite / austenite 
interface when the plate thickens. This means also that the twin distribution of 
martensite transformed during cooling under stress is not considerably modified inside the 
plate during the further plate growth. 

The "compact" martensite can be considered as a group of thin plates which have 
thickened and which are able to cross each other, this crossing being favoured when plates 
are formed under stress. Crossing of thin plates was observed by Okamoto et a1[8] in 



C8-320 JOURNAL DE PHYSIQUE IV 

Figure 2. Electron micrographs showing deformation twinning of martensite (a) deformed at - 196'C (Ms = - 208"C), 
~=8%inFe-30Ni-0.34C, (b) at -130'C(Ms+23"C), a=6%in Fe-25Ni-0.66C 

Figure 3. Electron micrographs showing conversion process between variants deformed at - 130°C (Ms = - 153'C), 
E = 6% in Fe - 25Ni - 0 . E  (a) BF image, (b) diffraction pattern, (c) and (d) DF image in the same area. 



Flgure 4. Eiectron mcrographs showng thm piates insert a iarge lenucular piate deformed at - 10~7; (MS = - 153Cj, 
c = 8% in Fe - 25Ni - 0.66C (a) bright field image, (b) dark field image. 

Figure 5. Scanning electron micrographs showing morphology transition, variant conversion, insert and crw,  de 
fonnedat -120'C(Ms= -1539:), € = l o %  inFe-25Ni-0.66C. 

Fe - Ni - C alloys transformed during cooling. These authors have studied the crossing 
mechanism of two thin plates considering that the crossing plate deforms plastically (by 
twinning) the crossed martensite region. Considering one crossed plate, they calculated 
the resolved shear strain of the 23 possible crossing plates on the {112\<111>6 deformation 
twinning systems in the crossed plate. The largest value of the resolved shear strain is 0. 
21 which is smaller than the value (0. 707) for a full twinning in the whole area of the 
crossed region. From the structural observations in figure 3 it is clear that the substruc- 
ture in the crossed area consists of a series of couple - domains or full twins distribution. 
Therefore, the ~ossible mechanism for the formation of the c o u ~ l e  - domains is bv de- 
formation.twinning under internal and external stress. When the%plates grow and cioss, 
either some additional twinning occur in the crossed area, or according to Roytburd[7] 
the domains rearrange themselves in order to relax the internal stresses associated with 
the transformation strain. These couple -domains a ,  b and c in plate B can be considered 
as induced by the (211) b deformation twinning of plate A and the longitudinal twins in 
these domains were also kinked by the opposite deformation twinning directions. I t  is 
further noted that the crossing region of variant B was converting to the preferred variant 
A because no contrast of variant B can be found in the DF images. We can also notice that 
the arrangement of the domains in this crossing area is similar to structures observed by 
Schroeder and Wayman for reorientation of self accommodating martensites during defo- 
mation in Cu - Zn alloys[9]. 

For these changes, one can consider that during deformation, the other variant B can 
convert to the preferred variant A first by the formation of the couple - domains and then 
the interfaces of the couple -domains move to connect with the twined domains of plate A 
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and finally the A -B junction plane and the plate boundaries are moved by the growth of 
twinning process until B converts to A completely. 

Figure 4 (a )  shows another type of crossing plates. Three thin plates are connected 
with a large lenticular plate with full longitudinal twins. These thin plates are like that 
induced by the growth of twin bands, as shown in figure 2( b)  . From the DF image in 
figure 4(b) ,  it seems that the thin plates insert into the large plate and are kinked by the 
longitudinal deformation twins of the large plate. 

3 .3  Scanning electron microscopy 

Scanning electron micrographs in figure 5(a) - (c)  show another view of the formation 
mechanism and the characteristics of the deformation - induced compact martensite as 
mentioned above. Figure 5(a) shows the morphology transition from thin plate to lentic- 
ular plate with large twin bands. Figure 5(b) exhibits the coalescence and conversion of 
different plates. A single orientation of the twin bands in these plates is observed. In 
figure 5(c) ,  we observed the insert of thin plates into large plate in the upper left, the 
impingement of two plates in the upper right, and the cross of two variants in the middle 
of the figure. The complex interactions between the plates form a crisscross twinning net. 
It  implied that even though the conversion from other variant to a preferred variant oc- 
curred in the compact martensite, it is impossible to convert to a single variant, deformed 
above Ms. 

4. Conclusions 

The characteristics and formation mechanism of the compact mastensite deformation - 
induced in Fe - Ni - C alloys at low temperatures are as follows: 

(1) Compact martensite is formed in some grains during plastic deformation. The 
compact martensite consists of many martensite plates with different twinned 
domains connected closely. Its substructure is a crisscross twinning net. 

(2) During deformation, the growth and connective modes of the plates are controlled by 
the martensitic twinning arrangments which lead the plates tending to crossing, 
insertion, coalescence and conversion. 

(3) Other plates convert to preferred plate first by the formation of couple -domains and 
then the interfaces of the couple - domains move to form deformation twinning 
bands, and finally convert to a single orientation. 
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