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1.  Introduction

Material strengthening based on the martensitic transfor-
mation of austenite is an effective method of improving the 
mechanical properties of steel.1–4) This is achieved by refin-
ing crystal grains and the strengthening lattices with solid 
solute carbon, while introducing excessive dislocations.

The phenomenological theory of martensite crystallog-
raphy (PTMC) can explain the orientation of the crystal-
lographic habit plane after transformation, the direction and 
amount of shape strain, and the relationship between the 
martensite and austenite crystallographic orientations.5,6) 
PTMC, which considers two types of slip in lattice-invariant 
deformation, is applied to predict the crystallographic fea-
tures of lath martensite, However, many combinations of 
lattice-invariant deformations result in the {252}-type habit 
plane with crystal plane orientations close to that of lath 
martensite.7–9)

The orientation of the habit plane in thin-plate martensite 
is adequately explained by the early Wechsler-Lieberman-
Reed method or the Bowles-Mackenzie methods,5,6) that is 
PTMC with single lattice-invariant deformation. However, 
lenticular martensite exhibits complicated microstructures 
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that include a twinned dense structure called a midrib in 
the central part of the plate, a twinned region outside of 
the midrib, and an untwinned region near the interface 
boundary.10,11) The habit plane of lenticular martensite 
corresponds to a midrib plane, and PTMC can explain its 
orientation with single lattice-invariant deformation. In 
addition, several sets of dislocations were observed in the 
untwinned regions, PTMC can explain the orientation of 
faceted interfaces observed in lenticular martensite with a 
relatively high martensite start (Ms) tempertature, which can 
be explained by considering PTMC with lattice-invariant 
deformation caused by two types of experimentally iden-
tified slip systems. To experimentally verify the validity 
of the various martensitic transformation models, such as 
PTMC, it is essential to establish a method for quantitatively 
measuring the shape strain tensor. Nevertheless, only a few 
studies have attempted to measure this shape strain experi-
mentally,12,13) even though the direction and degree of shape 
strain can be predicted using PTMC.

On the other hand, several recent studies have examined 
the influence of a material’s local plastic deformation state 
on its macroscopic mechanical properties. Digital Image 
Correlation (DIC) method has recently been attracting 
attention as a method for capturing local strain. The DIC 
is a method to trace the surface aspect of a material under 
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plastic deformation and quantify the amount of deformation. 
By obtaining the surface strain distribution, knowledge of 
the effect of dispersed precipitates on the transformation 
behavior,14) the effect of crystal orientation on strain accu-
mulation,15) and the effect of strain distribution on fatigue 
crack propagation has been obtained.16,17) Furthermore, the 
quantification of the deformation of slip bands has been 
achieved.18) In particular, for dual-phase steel, the effects 
of the strain concentration in each phase on the mechanical 
properties have been investigated by measuring the local 
strain distributions of the hard and soft phases.19,20) We also 
examined the relationship between the local strain distribu-
tion and the mechanical properties using a method whereby 
specific grid markers (on the order of nanometers) were 
drawn onto the smoothed surface of a material. Electron-
beam lithography was used to draw these markers, and their 
displacement upon plastic deformation was measured to 
determine the local strain distribution.

In the present study, we have used this precise marker 
method to determine the plastic strain distribution associ-
ated with the thermally induced martensitic transformation 
in Fe-31mass%Ni alloy, representing a lenticular martensite 
with a width of 5–20 μm. We report the characteristics of 
the measured strain distribution induced by martensitic 
transformation, which was experimentally determined using 
a precise marker method. Furthermore, based on observa-
tions of microstructures, such as deformation twins and 
dislocations resulting from lattice-invariant deformation, 
we demonstrate the validity of the estimated shape strain 
derived from the PTMC.

2.  Experimental Procedure

We employed a Fe-31mass%Ni alloy (C <  0.002) in 
the present study. The alloy was homogenized at 1 473 K 
for 86.4 ks in a vacuum and then cold-rolled into a sheet 
of 0.5 mm in thickness. The sheet was then austenitized at 
1 473 K for 3.6 ks in a vacuum, and then water-quenched. 
A specimen measuring 12 mm ×  12 ×  0.5 mm3 was cut 
from the sheet by spark cutting. To examine the local strain 
distribution in the alloys due to martensitic transformation, 
we employed high-precision grid gold markers with a width 
of 70 nm, using electron-beam lithography (EBL).21)

For electron beam lithography, the sample surface was 
subjected to ordinary mechanical polishing followed by 
polishing with colloidal silica. The EBL process is sche-
matically shown in Figs. 1(a)–1(e). First, the resist was spin-
coated onto an electro-polished surface (Fig. 1(a)). Second, 
a pattern was drawn on the resist by using an electron beam 
(Fig. 1(b)), and the resist exposed to the electron beam was 
removed using a developer (Fig. 1(c)). Au was then evapo-
rated onto the surface (Fig. 1(d)), after which the remaining 
resist was dissolved (Fig. 1(e)). The patterns obtained using 
these markers are shown in Fig. 1(f). Figure 1(g) shows an 
SEM image of the pattern, where the side of the square was 
500 nm in length.

The specimen was cooled to 218 K, slightly below the 
Ms temperature (223 K),22) to obtain a microstructure with 
partially formed lenticular martensite. The shapes of the 
markers were observed using field-emission scanning elec-
tron microscopy (FESEM) secondary electron images, and 

the orientation distribution and configuration of the phase 
were detected using scanning electron microscopy-electron 
backscattering diffraction (SEM-EBSD). The displacements 
of the squares’ vertices in the pattern were measured. The 
Green-Lagrange shear strain was evaluated based on the 
displacements of the vertices of each square.

3.  Results

Figures 2(a) and 2(b) show the orientation maps obtained 

Fig. 1.	 (a)–(e) Schematic illustrations showing the process 
whereby precise grid markers are drawn by using electron 
beam lithography. (f) Perspective of the markers on the 
specimen surface. (g) SEM image of markers and dimen-
sions of the pattern.
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by SEM-EBSD for the same area of the specimen before 
and after sub-zero cooling to 218 K, respectively. The 
colors in the figure indicate the orientation relative to the 
direction normal to the specimen surface, with each color 
corresponding to the crystal orientation shown as a stereo 
triangle in the lower left of the figure. The black lines in Fig. 
2(a) indicate the austenite grain boundaries in the specimen 
before transformation, when no martensite was observed. In 
contrast, in Fig. 2(b), elongated grains with a new orienta-
tion are formed in many of the austenite grains in the figure, 
indicating a partial martensitic transformation. After sub-
zero cooling to 218 K, the area fraction of martensite was 
approximately 25%. Several martensite plates with different 
orientation are formed. The color of part of the martensite 
and that the austenite near the martensite gradually changed. 
This suggests that the plastic deformation within the mar-
tensite is not uniform and that part of the austenite also 
deforms with the transformation of the neighboring region.

On the other hand, Figs. 2(c) and 2(d) show SEM images 
of the areas corresponding to the black squares in Figs. 2(a) 
and 2(b), respectively. The arrows marked as G.B. on the 
right side of the figure indicate the position of the austenite 
grain boundary. Figure 2(e) shows the configuration of the 
martensite sites corresponding to Fig. 2(d), where the solid 

and broken lines indicate the interfaces between martensite 
and austenite, and the boundaries of the martensite plates, 
respectively. Before the transformation shown in Fig. 2(c), 
the markers drawn by electron-beam lithography were 
arranged in an orderly layout. However, some irregularities 
can be observed in this figure (indicated by white broken 
circles). The black arrows in the figure indicate the top and 
bottom ends of the austenite grain boundary. Figure 2(d) 
shows the marker’s appearance in the area, including the 
region shown in Fig. 2(c), after the partial transformation 
to martensite. In Fig. 2(d), the marker irregularities are 
indicated by the broken circles, which are the same as those 
shown in Fig. 2(c). This suggests that the area shown in 
Fig. 2(d) includes that shown in Fig. 2(c) before the trans-
formation. In Fig. 2(d), the marker lines bent abruptly at the 
positions indicated by arrows A and B, with the bending 
occurring across the figure from arrows A to B. In addition, 
the grid marker shears the area around the abrupt bend, 
and the direction of the shear in the region above the bend 
is opposite to that below the bend. The position at which 
the abrupt bend in the marker corresponds to the boundary 
between the martensite plates in the middle of Fig. 2(e) 
indicates that the shear directions in the plates differ. The 
bending of the marker line is also observed at the positions 

Fig. 2.	 (a), (b) Orientation maps obtained by SEM-EBSD for a given area of the specimen before transformation and 
after quenching at 218 K, respectively. (c), (d) SEM images of the areas corresponding to the black squares in 
Figs. 2(a) and 2(b), respectively. (e) A schematic illustration of the martensite configuration corresponding to 
Fig. 2(d).
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indicated by arrows C and D in the figure corresponding 
to the martensite boundary observed in Fig. 2(b), which 
is similar to the region indicated by arrows A and B. As 
described above, it was possible to detect the difference in 
the manner of plastic deformation for each martensite plate 
owing to the martensitic transformation using the precise 
marker method described herein. Furthermore, a gentle cur-
vature of the marker line was observed in the area indicated 
by E, suggesting that plastic deformation inside the martens-
ite plate was non-homogeneous. This is consistent with the 
nonuniform orientation distribution inside each martensite 
plate, as shown in Fig. 2(b).

Figure 3(a) shows the distribution of the absolute value 
of the Green-Lagrange shear strain |εxy | as calculated from 
the marker displacement in the xy orthogonal coordinate 
system shown in the figure. The area shown in Fig. 3(a) is 
nearly the same as that shown in Fig. 2(b), with regions A, B 
and C corresponding to those indicated in Fig. 2(b). Figure 
3(b) shows the configuration of martensite corresponding 
to Fig. 3(a), where the solid and broken lines indicate the 
interfaces between martensite and austenite, and the bound-
aries between the martensite plates, respectively. As shown 
in Fig. 2, the plastic deformation associated with the mar-
tensitic transformation was detected using markers. When a 
relatively large deformation occurs, as in the case of a mar-
tensitic transformation, it is useful to estimate the Green-
Lagrange shear strain. The colors in the figure indicate the 
strain magnitude, with the colors shown in the colored bar 
on the left side of the figure. In this strain distribution map, 
each square of the initial marker is colored to represent the 
strain value at that location, whereas the change in the shape 
of the marker is not reflected.

The area indicated by A in Fig. 3(a) corresponds to aus-

tenite, where the plastic strain barely increased. However, 
the strain increased considerably in the areas where martens-
itic transformation occurred, as shown in Fig. 3(a), particu-
larly in the regions corresponding to the martensite plates 
indicated by B and C in Fig. 3(a). It should be noted that 
lenticular martensite plates B and C exhibit large strains in 
the middle of the plate, whereas the strain near the interface 
is relatively small. In particular, for the region correspond-
ing to martensite plate B, the position in the middle of the 
plate, as indicated by the large arrow represents the value of 
the shear strain, which is approximately 0.2. Some squares 
in the middle of martensite plate C show strains above 0.15. 
Another region with large strain was also observed at the 
edge of the lenticular martensite (indicated by the small 
vertical arrows), where the martensite grew and reached to 
the grain boundary of the austenite. It is believed that when 
the edge of the martensite plate reaches the boundary, a con-
siderable large plastic strain occurs to realize the continuity 
of the displacement at the grain boundary.

To clarify the strain distribution within the martensite 
plate, Figs. 4(a), 4(b) show the profiles of the shear strain 
between the two horizontal white arrows marked α and α', β 
and β ' from that shown in Fig. 3(a), respectively. The hori-
zontal axis indicates the distance whereas the vertical axis 
shows the absolute value of the shear strain in both figures, 
denoted by εxy. The strain in the middle of the martensite 
plate B increases to almost 0.2, while the strain values near 
the martensite/austenite interface appear to be 0.1 or less, 
as shown in Fig. 3(a). The strain in the middle of the mar-
tensite plate C was also more significant than that near the 
austenite-martensite interface, as shown in Fig. 3(a).

Fig. 3.	 (a) Plastic shear strain distribution map obtained for the 
specimen shown in Fig. 2. (b) A schematic illustration of 
the configuration of martensite corresponding to Fig. 3(a).

Fig. 4.	 Profiles of the shear strain between the two horizontal 
white arrows (a) α and α', (b) β and β', from those shown 
in Fig. 3(a).



ISIJ International, Vol. 64 (2024), No. 2

©  2024  ISIJ 216

4.  Discussion

As mentioned above, in this study, we were able to quan-
tify the strain inside each martensitic plate during the mar-
tensitic transformation induced by heat treatment of Fe–Ni 
alloys. The results show that there is a significant difference 
between the strain at the austenite-martensite interface and 
that inside the plate. This means that the electron-beam 
lithography-based fine-marker method used in this study 
was very useful in quantifying the strains associated with 
martensitic transformation. Because the shape strain esti-
mated by the PTMC is shear strain, the experimentally 
observed surface displacement is considered to correspond 
to the shape strain if the shear direction is not perpendicu-
lar to the material surface. Therefore, in this chapter, we 
attempt to correlate the shape strain obtained by the PTMC 
with the observed surface shear strain.

The substructure of lenticular martensite in Fe-31Ni and 
Fe-33Ni alloys has been investigated in detail by Shibata 
et al. using transmission electron microscopy (TEM) and 
high-resolution electron microscopy (HREM) to clarify 
characteristics such as the slip plane and Burgers vectors 
of the dislocations on the martensite side on the martensite/
austenite interface.22) Two types of dislocations were found 
with different Burgers vectors on the interface between both 
phases; b1 = a / [ ]2 1 1 1   and b2 =  a / [ ]2 11 1 . Furthermore, 
when the slip deformation owing to the activation of these 
two types of dislocations was treated as a lattice-invariant 
deformation, the shape strain was calculated based on 
the PTMC as shown in Fig. 5. Although single slip was 
assumed to be a lattice-invariant deformation in the initial 
calculation method of shape strain,5,6) two types of slip were 
identified in the observation; therefore, Fig. 5 shows the 
results based on a double shear model.9–11)

Using PTMC, the plastic deformation associated with 
the transformation can be calculated using the shape strain 
tensor F as follows;

	 F RBP= ................................... (1)

where R is a rigid body rotation matrix, B is a matrix 
representing the Bain deformation, and P is a matrix cor-
responding to the lattice-invariant deformation. When the 
lattice-invariant deformations are due to two types of slip, 

P1 and P2 are the matrices corresponding to the respective 
deformations, and Eq. (1) becomes

	 F RBP P1 2= ................................. (2)

The relationship between the shape strain obtained in this 
manner and the two types of lattice-invariant deformation is 
shown in Fig. 5.23) The amounts of shear caused by the two 
types of lattice-invariant deformations P1 and P2 in Eq. (2) 
are expressed as s1 and s2, respectively. These correspond 
to activated slips with Burgers vectors b1 and b2 described 
above.

The horizontal axis in Fig. 5 denotes the amount of the 
slip s1 owing to dislocation b1, whereas the vertical axis 
shows the amount of strain. The curves in this figure indi-
cate the change in the calculated shape strain (solid line) and 
the strain s2 (broken line) owing to dislocation b2 according 
to the change in s1. Because the midrib (i.e. transformation 
twins) is formed in the middle of the lenticular martensite, 
the shear deformation is only due to s1 (s2 =  0). This is 
shown at the left end of the horizontal axis in Fig. 5, which 
corresponds to the midrib region; therefore, at s1 =  0.24, 
s2 =  0, the shape strain in the midrib region is estimated to 
be 0.23. In contrast, the minimum value of the shape defor-
mation was 0.12, when s1 =  0.28 and s2 =  0.11. Because 
the value of s2 =  0.12, according to the TEM observations 
near the interface between the martensite and austenite, is 
close to 0.11, it is considered that the shape strain near the 
interface decreases to approximately 0.12, which is the min-
imum value estimated by the PTMC. As mentioned above, 
by applying the TEM observation result of the dislocation in 
the vicinity of the interface between martensite and austenite 
to the PTMC, the distribution of the shape strain inside the 
lenticular martensite can be predicted to show that the shape 
strain is as significant as 0.23 at the midrib in the middle 
of the martensite plate, and as small as 0.12 in the vicinity 
of the interface.

The shear strain inside the lenticular martensite was mea-
sured using the precise marker method, and the resulting 
distribution is visualized in Fig. 3(a). The change of shear 
strain on the line along α-α' and β-β ' that are shown in Fig. 
3(a), are respectively profiled in Figs. 4(a) and 4(b), where 
the value of shear strain at the middle of the martensite plate 
is more significant than that near the interface. The shape 
strain during the martensitic transformation was calculated 
from the PTMC based on the shear plane, shear direction, 
and shear amount of the lattice-invariant deformation iden-
tified by TEM and RTEM observations at the martensite/
austenite interface. The shape strain corresponding to the 
final plastic strain after the transformation strain was relaxed 
via lattice-invariant deformation. Therefore, within a single 
martensite plate, the shear strain on the observation plane 
estimated by capturing the marker displacement should 
correspond in magnitude to that on the observation plane. 
A comparison of Figs. 4 and 5 show good correspondence 
with the estimated shape strain inside the martensite plate.

As mentioned above, it is suggested that the fundamental 
process of the lattice-invariant deformation with the for-
mation of lenticular martensite in the middle of the plate 
(where single shear due to twin deformation occurs) is dif-
ferent from that found in the vicinity of the interface, where 
double shear due to two types of slip deformation occurs. 

Fig. 5.	 Change in the magnitude of shape strain and s2 with the 
magnitude of s1.17)
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This is considered to be affected by an increase in the local 
temperature when the lenticular martensite grows further 
after the initial formation of the midrib.24) When the shear 
direction of the shape strain was approximately parallel to 
the specimen surface, the strain obtained using the marker 
method was closer to the quantitative value of the shape 
strain. To conduct a more quantitative study in the future, 
we will choose an appropriate orientation from the initial 
austenite for observation considering the variant formation 
of martensite.

5.  Conclusions

The submicron marker method can capture the plastic 
strain distribution inside lenticular martensite using electron 
beam lithography. The plastic strain inside the martensitic 
plate was larger in the middle area where the midrib had 
developed than in the vicinity of the interface with austenite. 
This outcome corresponds to the shape strain distribution 
estimated by PTMC based on the characteristics of the 
dislocations observed at the martensite/austenite interface.
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