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ARTICLE INFO ABSTRACT

Keywords: The microstructures and crystallographic features of lath martensite in a medium-carbon steel were investigated
Martensitic transformation using focused ion beam-scanning electron microscopy serial sectioning and automated crystallographic orien-
Steel

tation mapping in transmission electron microscopy techniques. The analysis revealed that, despite the complex
and interwoven overall morphology, individual laths possess well-defined, plate-like shapes. Habit plane / lath
boundary plane orientations determined by two-surface trace analysis spanned a range from (2 5 2) to (2 9 5)5
in the austenite coordinate system and were centered around (3 8 1)y in the martensite coordinate system. These
results are consistent with predictions from the phenomenological theory of martensitic crystallography incor-
porating double lattice-invariant deformations and a high degree of tetragonality. Crystallographic variant
analysis showed pairing tendencies among variants sharing parallel close-packed planes, along with the presence
of nanoscale twin-related domains distinct from typical (1 1 2)y transformation twins. These domains were
interpreted as twin-orientation-related intralath structures that formed ahead of the longitudinal growth front of
a martensite plate and were subsequently embedded by its lateral growth. Micromechanics calculations further
suggested that stress-induced variant selection, enhanced by high tetragonality, plays a critical role in the
preferential formation of these twin-orientation-related intralath structures. Although the lath has traditionally
been regarded as the smallest structural unit, detailed characterization of a twin-orientation-related intralath
structure reveals an additional level of hierarchy, distinct from conventional defect substructures, fundamentally
redefining the established microstructural concept of lath martensite.

Transmission electron microscopy
Serial-sectioning

Crystallography

Variant configuration

1. Introduction packets, and prior austenite grains [2-7]. According to the traditional

definition, a lath is the smallest structural single-crystal unit, charac-

Growing demands for advanced high-strength steels, aimed at
improving the performance and efficiency of transportation and energy
systems, have led to renewed interest in martensitic steels as key
structural metallic materials. Although martensite is a well-known
microstructure in steels [1], the fundamental mechanisms that govern
its formation and evolution of microstructure are still not fully under-
stood. This lack of comprehensive understanding poses significant ob-
stacles to designing and developing next-generation high-strength steels
with optimized mechanical performance.

The microstructure of lath martensite exhibits a hierarchical struc-
ture defined by morphological features, comprising laths, blocks,
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terized by a high dislocation density and, particularly in steels con-
taining more than approximately 0.2 % carbon, by the presence of
transformation twins [7-9]. A block consists of laths with nearly iden-
tical crystallographic orientations, while a packet contains several
blocks sharing similar habit plane orientations and close-packed planes.
A prior austenite grain corresponds to the grain in the parent austenite
phase before the martensitic transformation. These hierarchical micro-
structures result in anisotropic plastic deformation as well as branching
and meandering brittle crack propagation [10-14].

As the origin of the complex lath martensite structure, crystallo-
graphic analysis on variant pairings has been extensively conducted in
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recent years, and the key findings are summarized below. Using electron
backscatter diffraction in a scanning electron microscope (SEM-EBSD)
and transmission electron microscopy (TEM), Morito et al. [4,5] per-
formed a detailed crystallographic analysis of as-quenched lath
martensite. The analysis assumed the Kurdjumov-Sachs (K-S) orienta-
tion relationship between martensite and its parent austenite, specif-
ically (111)a//(011)yand [-101]// [-1 —1 1]y (the subscripts
“A” and “M” indicate the coordinate systems of austenite and
martensite, respectively). Hereafter, the K-S variant notation shown in
Table 1 [15] will be adopted to describe the variant pairings. Their study
demonstrated that each packet consisted of three blocks in low-carbon
steels (0.0026 - 0.38 mass % C). Each block was further subdivided
into laths associated with two specific K-S variants (V1/V4, V2/V5, and
V3/V6), referred to as sub-blocks, exhibiting small misorientations of
approximately 10°. Conversely, high-carbon steel (0.61 mass % C) dis-
played a different arrangement, where each packet contained six
possible blocks, each consisting of a single K-S variant (V1 - V6).
Stormvinter et al. systematically studied variant pairings of martensite
in as-quenched Fe-C alloys, specifically focusing on effect of carbon
content using SEM-EBSD [16]. At low carbon contents, variant pairings
sharing a common habit plane predominantly occur. With increasing
carbon content, the frequency of sub-block pairings, such as V1/V4,
tends to decrease, while the fraction of twin-related variant pairings,
such as V1/V2, increases. At high carbon contents, variant pairings
involving V1, V6, V16 and V17, which are favorable for the
self-accommodation of transformation strain [17-21], become domi-
nant. Kumar et al. precisely evaluated the residual stress in the parent
austenite phase and proposed a correlation between the residual stress
and variant selection in as-quenched lath martensite [22]. Furthermore,
external factors such as applied deformation, deformation microstruc-
tures in austenite, austenite grain size, among others, have been thor-
oughly investigated [23-30].

In addition to variant pairings, habit plane (lath boundary plane)
orientations and inter-variant boundary plane orientations are impor-
tant crystallographic parameters for discussing the underlying mecha-
nism of microstructure evolution accompanying martensitic
transformation. Although the phenomenological theory of martensite
crystallography (PTMC) can predict various crystallographic features of
martensite, such as habit plane orientation, shape deformation direc-
tion, among others [31-34], detailed experimental investigations of
habit plane and inter-variant boundary plane orientations remain

Table 1
Twenty-four crystallographic martensite variants in the K-S relationship [15].
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scarce. Marder and Krauss [2] used annealing twin boundaries as a
reference for the orientation of the parent austenite phase and measured
the habit plane orientation of lath martensite using optical microscopy
images taken from different sections. Their results indicate that the habit
plane orientation is approximately {5 7 5}, a finding that has been
widely recognized to date. Sandvik and Wayman [35-37] examined the
substructures and crystallographic characteristics of lath martensite
formed under isothermal conditions using TEM. They found that the
habit planes exhibited irrational orientations, approximately {5 7 5}
and {1 5 4} Based on the three-dimensional (3D) morphology of lath
martensite obtained by serial sectioning, Rowenhorst et al. [38] re-
ported that the boundary planes of coarse martensite crystals were
{0.113 0.946 0.304}\ and {0.288 0.947 0.142});. Similarly, Morito
et al. [39] found that the boundaries between martensite variants were
{0.615 0.578 0.537}4 and {0.632 0.586 0.500} 5. Recently, Mosayebi
et al. [40-42] performed a 3D characterization of the lath martensite
structure using large-volume 3D EBSD. Their results indicate that the
habit plane orientation is close to {5 7 5} with a slight shift toward {1 2
1}a, and that the orientations of the inter-variant boundary planes
correspond to {0 1 1}y, exhibiting symmetric tilt, twist, or mixed
character. Beladi et al. [43] statistically investigated the habit plane and
inter-variant boundary characteristics in the lath martensite structure
through precise orientation analysis based on SEM-EBSD. Their results
explored that specific inter-variant boundaries frequently align with {0
1 1}y planes, often exhibiting {0 1 1}y-type symmetric tilt and twist
characters. In addition to the previous studies, systematic studies on the
orientations of habit plane / lath boundary plane in lath martensite
structures are necessary to deepen our understanding of the underlying
mechanism of martensitic transformation.

It should be noted that most of the reported crystallographic features
[2,38-43], excluding those for isothermally transformed martensite
[35], concern aggregated lath structures rather than individual laths.
Investigating the crystallography of individual laths enhances our un-
derstanding of martensitic transformation, given that the crystallo-
graphic characteristics of an individual lath, as the most elementary
structural unit, are closely linked to the initial transformation process.
Recently, we have developed 3D microstructure analysis techniques that
combine focused ion beam-scanning electron microscopy (FIB-SEM)
serial sectioning and TEM, including automated -crystallographic
orientation mapping (ACOM-TEM), and studied the substructures and
crystallographic features of individual laths in interstitial-free (IF) steel

Variant No. Close-packed plane parallel relation Close-packed direction parallel relation Bain Misorientation from V1 (deg)
1 CP1 (11DA// 011y [-101]o//[-1 111y Bl -

2 (-1 -1-1Da// 011y B2 60.0
3 (11DaA// 011y [01 -1]a//[-1-111lm B3 60.0
4 (-1 -1-1Da//011)y Bl 10.5
5 111D a//011)y [1-10]a//[-1-11]yn B2 60.0
6 (-1-1-1Da// 011y B3 49.5
7 CP2 1-11a//(011)y [10-1]a//[-1-11ly B2 49.5
8 (-11-1Da// 011y Bl 10.5
9 1-1Da//011)m [-1-10]a//[-1-11]n B3 50.5
10 (=11 -1Da// 011y B2 50.5
11 (1-11)a// (01 1)y [0111a//[-1-11]y Bl 14.9
12 (-11-Da// 01 1)y B3 57.2
13 cpP3 (1112 // (01 1)y [0-11]a//[-1-11ly Bl 14.9
14 1-1-1a//011y B3 50.5
15 (-11Da//011)m [-10-1]a//[-1 -1 1]y B2 57.2
16 1-1-Da//011)y Bl 20.6
17 (-111Da// 011y [110]a//[-1-11]n B3 51.7
18 (1-1-1Da//011)y B2 47.1
19 CP4 (11-Da//01 1)y [-110]a//[-1-11]yn B3 50.5
20 (-1 -11a//(01 1)y B2 57.2
21 (11-Da//011)y [0-1-1]a//[-1-11]y Bl 20.6
22 (-1 -11Da//011)y B3 47.1
23 (11-1a// 011y [101]a//[-1 111y B2 57.2
24 (-1-11a//(011Du Bl 21.1
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and low-carbon (0.2C) steel [7]. The results indicated that the
morphology of the so-called lath exhibited a wedge-shaped plate instead
of the ideal lath shape. The habit plane orientations identified by
two-surface trace analysis using 3D morphology of laths were distrib-
uted from (57 5)a to (1 1 1) in the IF steel, whereas they were near to (1
2 1) and that predicted based on the PTMC in the 0.2C steel.
Medium-carbon martensitic steels have attracted increasing atten-
tion in recent years due to high demands of structural components
subjected to high mechanical loads. Advances in microstructure control
techniques for the medium-carbon martensitic steels can further expand
their applicability in automotive, aerospace, and energy industries.
Compared with low-carbon steels, the microstructures of medium-
carbon martensitic steels are significantly more complex [4,16],
resulting in an insufficient understanding of their formation mechanisms

The final section of
serial sectioning

-

The pillar for serial sectioning
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and the origins of their crystallographic features. In the present study,
the microstructure and crystallographic features of lath martensite in
medium-carbon steel were investigated via FIB-SEM serial sectioning
and advanced TEM. The mechanisms underlying the development of
these characteristics are also discussed in relation to our previous studies
on lath martensite in IF and 0.2C steels [7].

2. Experimental procedure

The material used in the present study was manganese-added me-
dium-carbon steel (2Mn-0.5C steel). The chemical composition (in mass
%) of the material was C: 0.493, Si: 0.01, Mn: 2.04, P: <0.002, S: 0.0008,
Fe: balance. The hot-rolled plate was austenitized at 1000 °C for 600 s,
followed by water quenching. According to the reported equation [44],

Fig. 1. The detailed procedure used to prepare the specimen for FIB-SEM serial sectioning and TEM/STEM observation: (a-c) SEM images showing (a) the specimen
after FIB machining, (b, c) after the specimen was lifted out and mounted onto a TEM grid, which was reshaped to fit the specimen. (d-f) Scanning ion microscopy
images showing the specimen (d) before FIB-SEM serial sectioning, (e) after FIB-SEM serial sectioning, and (f) for TEM/STEM observation after FIB milling. (g, h)
Identical area observation results of (g) the SEM image of the final section of FIB-SEM serial sectioning and (h) the STEM image corresponding to the white rectangle

in (g) (the same microstructural unit is indicated by yellow broken lines).
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the estimated martensitic transformation start (Ms) temperature is equal
to 264 °C.

The microstructure of the heat-treated specimen was observed by
optical microscopy and SEM-EBSD (Zeiss: Sigma and Bruker:
QUANTAX-EBSD system) with an acceleration voltage of 20 kV. The
procedure for fabricating the specimen for FIB-SEM serial sectioning and
TEM analysis is illustrated in Fig. 1. A pillar with dimensions of
approximately 20 pm x 20 pm x 30 pm was lifted out from the heat-
treated bulk sample and mounted onto a TEM grid as shown in Fig. 1
(a - ¢) using FIB (ThermoFisher Scientific: Scios 2). The pillar was
shaped into approximately 20 pm x 20 pm x 6 pm (Fig. 1(d)) and
subjected to FIB-SEM serial sectioning (Hitachi High-Tech: SMF-1000)
[45]. The specimen was serially milled at 5 nm intervals using a Ga ion
beam operated at an accelerating voltage of 30 kV and a beam current of
0.65 nA. Each cross-sectional microstructure was imaged with an in-lens
electron detector under a low accelerating voltage of 0.5 kV. The
resulting image stack was processed using the ORS Dragonfly software
to perform positional registration of the serial sectioning images and to
reconstruct the 3D morphology of lath martensite. Some of the structural
units in the lath martensite structure were extracted from each serially
acquired SEM image using a customized image-processing workflow.
The SEM images were first denoised and contrast-enhanced using the
procedures described in [46]. Candidate regions were then identified
using Otsu thresholding. Connected-component labeling, distance
transformation, and watershed segmentation were applied to merge
fragmented domains and to delineate adjacent features. The final re-
gions were selected based on spatial continuity and morphological
consistency. Since the pillar had already been mounted onto the TEM
grid from the beginning (Fig. 1 (a — c)), a TEM thin foil was fabricated
around the final section of serial sectioning using the FIB-SEM system
(Fig. 1 (e, f)). The SEM image of the last section of FIB-SEM serial
sectioning and the scanning transmission electron microscopy (STEM)
image (Fig. 1 (g, h)) demonstrate that the alignment difference between
the FIB-SEM and TEM analyses was negligibly small, as the same
microstructural unit is indicated by yellow broken lines.

The substructures were examined by TEM and STEM (JEOL: JEM-
2800, JEM-ARM3O00F) operated at accelerating voltages of 200 kV and
300 kV. The local crystal orientations were analyzed via ACOM-TEM
(NanoMEGAS: ASTAR) using a step size of 5 nm. In ACOM-TEM, the
recorded patterns were compared with a database of template patterns
prepared with an orientation step of 1°, and the orientation of each point
in the analyzed area was determined through this so-called pattern
matching procedure. In addition, interpolation between template pat-
terns with a 1° orientation difference was performed at a finer step of
0.1°. Because the misorientation profiles actually obtained by ACOM-
TEM often exhibited oscillations with an amplitude of approximately
1° [7], the practical orientation resolution of ACOM-TEM is estimated to
be in the range of 0.1 to 1°. For the crystallographic analysis, the K-S
variant notation summarized in Table 1 [15] was used. Table 1 [15] also
provides the Bain correspondence, where the compression axes in Bain
deformation of B1, B2, and B3 are [0 0 1]a, [1 O O]a, and [0 1 O]a,
respectively, along with the misorientations from V1. The variant
determination was performed by comparing the experimentally ob-
tained <0 0 1 > j pole figure with the ideal <0 0 1 > y poles of the
twenty-four K-S variants.

3. Results
3.1. Morphology and habit plane orientation of the lath

Fig. 2 (a, b) shows an optical microscopy image and the corre-
sponding EBSD orientation map of the heat-treated specimen. In the
EBSD orientation map of Fig. 2(b), the color coding represents the
crystal orientation parallel to the normal direction of the observed
section, as indicated by the inserted stereographic triangle at the upper
right corner. The observed microstructure exhibits a typical lath
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martensite structure, characterized by the hierarchical arrangement of
blocks and packets within a prior austenite grain, with an average prior
austenite grain size of 122 pm. No obvious plate-shaped martensite (e.g.,
lenticular or thin plate martensite) was observed. Fig. 3 (a, b) depicts the
3D morphology of the lath martensite reconstructed from a series of SEM
images of each section acquired by FIB-SEM serial sectioning. The voxel
size of the 3D reconstructed images is 6.25 nm x 6.25 nm x 5 nm. Fig. 1
(g, h), as well as our previous study [7], indicates that channeling
contrast images acquired with the SEM/in-lens detector can clearly
reveal individual lath morphologies and the locations of lath bound-
aries. Therefore, the 3D reconstructed images presented in Fig. 3 (a, b)
enable detailed investigation of the lath morphology and the

Fig. 2. (a) Optical microscopy image and (b) corresponding EBSD orientation
map of the heat-treated specimen. The colors in the EBSD orientation map
represent the crystal orientation parallel to the normal direction according to
the inserted stereographic triangle.
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crystallography of the lath boundaries. Representative boundaries of the
laths identified from the reconstructed volume are delineated with red
broken lines in the figure. While the overall morphology of lath structure
appears complex and interwoven, each individual lath exhibits a rela-
tively well-defined, plate-like shape, rather than a literal “lath”-like
morphology as implied by the terminology. Such a plate-like
morphology, which is characteristic of individual laths, has also been
confirmed in other martensitic steels, including IF steel and 0.2C steel in
our previous work [7]. This suggests that the observed morphological
feature is intrinsic to the nature of lath martensite structure across a
range of alloy compositions.

The crystallographic orientations of lath boundary planes, which
correspond to habit planes of the lath, were identified via two-surface
trace analysis, based on 3D morphological data and orientation data
of both the martensite and parent austenite phases. The orientations
were indexed as the observed martensite corresponds to V1 ((1 1 1) //
(011w, [-1 0114 // [-1 —1 1]). Since the final section of FIB-SEM

Acta Materialia 307 (2026) 121981

serial sectioning closely coincided with the region observed in the STEM
(Fig. 1 (g, h)), we could incorporate high spatial-resolution crystallo-
graphic orientation data obtained using ACOM-TEM into the two-
surface trace analysis. In addition, the orientations of the parent
austenite phase were recalculated from the ACOM-TEM orientation data
using the reconstruction algorithm proposed by Miyamoto et al. [47].
The reconstruction was performed using a cropped-square size of 5 pm x
5 pm and a spacing of 1.25 pm between neighboring squares, assuming
an orientation relationship of ¢; = 2.096978 rad, ® = 0.153508 rad, ¢o
= 3.414253 rad [48], and considering only data points with a confi-
dence index > 0.2. This reconstruction process enables the determina-
tion of parent austenite orientation even though the austenite phase
transformed into martensite completely. In the images of the arbitrary
orthogonal sections (XY, YZ, and ZX) of the reconstructed 3D volume,
we manually selected the lath boundaries that were clearly visible. The
habit plane / lath boundary plane orientation was determined from the
cross product of the two line-vectors that correspond to the traces of the

(c) 111
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Fig. 3. (a, b) 3D reconstructed images of lath martensite via FIB-SEM serial sectioning and (c, d) stereographic triangles showing the orientations of habit planes /
lath boundary planes (green circles) with respect to austenite coordinate system (c) and martensite coordinate system (d). The habit plane / lath boundary orien-
tations reported in previous studies [2,7,35,38,39] and predicted based on the PTMC are plotted as well in (c, d).
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same plane observed on two of the three sections. The plane orientations
obtained from the three possible combinations of traces (XY - YZ, YZ —
ZX, and ZX - XY) exhibited an orientation error that is equal to
approximately 7°. Furuhara et al. [49] determined the orientation of
grain boundary planes using two-surface trace analysis combined with
EBSD data, and reported that the orientation of coherent annealing twin
boundaries in an austenitic stainless steel, measured by two-surface
trace analysis, deviated from the ideal {1 1 1} plane by up to approx-
imately 5°. The results of the two-surface trace analysis are presented in
Fig. 3 (c, d), where the identified boundary plane orientations are
plotted as green circles in the stereographic triangles with respect to
both the austenite and martensite coordinate systems. The orientations
of habit planes / lath boundary planes identified in the present study are
distributed over a range between (2 5 2)4 and (2 9 5), in the austenite
coordinate system, and are centered around (3 8 1)y in the martensite

Acta Materialia 307 (2026) 121981

coordinate system. However, the orientations of habit planes / lath
boundary planes show significant scatter. This dispersion of orientation
could be attributed to the fact that the analyzed planes in the present
study do not strictly correspond to the original habit planes of
martensite, which are defined as the interphase boundary planes be-
tween martensite and austenite. Instead, the observed boundaries likely
correspond to the boundary planes formed after the impingement of
interphase boundaries between adjacent laths. We assume in the
following that the measured orientations of the lath boundary planes
reasonably approximate the original habit plane orientations at the
interphase boundary between martensite and austenite. For comparison,
previously reported orientations of habit planes / lath boundary planes
[2,7,35,38,39] are also included in Fig. 3 (c, d). A clear dependence on
carbon composition is evident, as the orientation of the habit plane /
lath boundary plane progressively deviates from (1 1 1), towards (2 5

001 pole figure

o6
190 014
170 0y

10,
9 [e]
7

120 o

3
2375
1800 c7>o

1559 2,

Fig. 4. (a, ¢, f, h, i) STEM images (a, e, h: bright-field STEM images, f, i: dark-field STEM images), (b, d, g0 ACOM-TEM orientation maps, and (c) <0 0 1 > »; pole
figure, in which the ideal poles of the twenty-four K-S variants, as well as those of the variants observed in (b), are plotted. The colors in the ACOM-TEM orientation
maps represent the crystal orientation parallel to the normal direction according to the inserted stereographic triangle.
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2)p or (2 9 5)a (from (0 1 1)y towards (3 8 1)y) with increasing carbon
content. The invariant plane orientations predicted based on the PTMC
are also plotted in Fig. 3(c). The PTMC calculations incorporate the in-
fluence of martensite tetragonality as well as the magnitudes of the
lattice-invariant deformation, which are essential parameters in deter-
mining the invariant plane orientations. The correlation between the
experimentally identified habit plane / lath boundary plane orientations
and the invariant plane orientations predicted from the PTMC calcula-
tions will be discussed in detail in a later section.

Acta Materialia 307 (2026) 121981
3.2. Variant configurations

Local variant configurations were analyzed using ACOM-TEM, and
the results are presented in Fig. 4; (a, e, f, h, i) show STEM images (a, e,
h: bright-field STEM images, f, i: dark-field STEM images), (b, d, g)
display ACOM-TEM orientation maps, and (c) presents <0 0 1 > p; pole
figure, in which the ideal poles of the twenty-four K-S variants, as well as
those of the variants observed in (b), are plotted. The colors in the
ACOM-TEM orientation maps represent the crystal orientation parallel
to the normal direction according to the inserted stereographic triangle.
The crystallographic variant analysis shown in Fig. 4 (a — ¢) indicates
that six variants sharing the same parallel close-packed planes in the K-S

Fig. 5. (a) SEM image and (b-f) 3D reconstructed images via FIB-SEM serial sectioning. The volumes of twin-orientation-related intralath structures (M1 — M3)
extracted through image analysis are shown in green, blue, and pink in (¢ — f). Some of the lath boundaries are indicated by dashed yellow lines in (a).
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relationship ((1 1 1) // (0 1 1)), namely V1 through V6, are formed in
the region observed in (a); pink region: V1, light green region: V2, sky
blue region: V3, red region: V4, muted green region: V5, and muted blue
region: V6. There appears to be a tendency for V1/V4, V2/V5, and V3/
V6 to form adjacent pairs. These pairings correspond to sub-block
pairings frequently observed in low-carbon steels, which are charac-
terized by small misorientations (theoretically 10.5 °) [4]. On the other
hand, higher-magnification images in Fig. 4 (d - f) reveal that
nanometer-scale domains of V1 are embedded inside the martensite
plate of V2. Notably, the boundary between V1 and V2 is highly inclined
relative to the lath boundary plane of V2. A similar configuration is
observed in Fig. 4 (g-i), where small domains of V3 are present within
the large martensite plate of V4, and their boundaries deviate signifi-
cantly from the lath boundary plane of V4. It is also noteworthy that the
observed specific combinations of variants (V1/V2, as well as V3/V4)
exhibit a twin relationship (60 ° around <1 1 1 > ). Therefore, these
small domains can be interpreted as “twin-orientation-related intralath
structures”.

According to the ACOM-TEM analysis (Fig. 4), the nanometer-scale
intralath structures embedded within a given martensite plate, as indi-
cated by black lines in the SEM image of Fig. 5(a), exhibit a twin rela-
tionship with the enclosing martensite plate. The 3D analysis results on
the twin-orientation-related intralath structures are depicted in Fig. 5 (b
- f). The volumes of three intralath structures were extracted through
image analysis, and are shown in green, blue, and pink colors. The im-
ages in Fig. 5 (d - f) show the same volume viewed from different di-
rections. We found that the twin-orientation-related intralath structures
existing within a given martensite plate exhibit a plate-like morphology.
Moreover, the boundary planes between these twin-orientation-related
intralath structures and the enclosing martensite plate are nearly par-
allel, and all the twin-orientation-related intralath structures are con-
nected to one side of the lath boundary. The crystallographic
orientations of the boundary planes between the twin-orientation-
related intralath structures and the enclosing martensite plates were
determined for six pairs (two of V1/V2 pairs and four of V3/V4 pairs)
using two-surface trace analysis based on the orientations obtained by
ACOM-TEM, and the results are shown in Fig. 6((a): austenite coordinate
system, (b): martensite coordinate system). For each intralath-enclosing
lath boundary plane, two orientations are plotted in the martensite co-
ordinate system: one based on each variant (for example, based on the
orientations of V1 and V2). Different from the habit planes / lath
boundary planes (Fig. 3 (c, d)), the orientations of intralath-enclosing
lath boundary planes are distributed close to {1 1 1}, in the austenite
coordinate system (Fig. 6(a)) and {0 1 1}, in the martensite coordinate
system (Fig. 6(b)). While some of these planes correspond to the parallel
close-packed planes in the K-S relationship of V1 - V6, others exhibit
different orientations. It is worth emphasizing that these twin-
orientation-related intralath structures are different from trans-
formation twins introduced as a lattice-invariant deformation. As shown
in the high-magnification STEM images of Fig. 7 (c, e), transformation

(a)

Intralath-enclosing lath B plane
(austenite coordinate)

/

010 011 010 011

Fig. 6. Stereographic triangles showing the orientations of intralath-enclosing
lath boundary planes (green circles) with respect to austenite coordinate sys-
tem (a) and martensite coordinate system (b).

Intralath-enclosing lath B plane
(martensite coordinate)
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twins are occasionally observed inside the martensite plates. These
transformation twins are extremely fine, with an average thickness of
approximately 5 nm. Compared with the intralath-enclosing lath
boundaries depicted in Figs. 5 and 7(a), the boundary planes of the
transformation twins are significantly sharper at the atomistic level
(Fig. 7(e)). Moreover, the atomistic arrays are completely coherent
across the transformation twin boundary. As reported by Casillas et al.
[50], there are absolutely no additional phases at the twin boundary.
Fig. 7 (b, d, f) show the selected area diffraction and fast Fourier
transform patterns, together with the corresponding key diagrams, of
the twin-orientation-related intralath structures (Fig. 7(b)) and the
transformation twins (Fig. 7 (d, f)); the subscript “T” in the key diagrams
denotes the indices corresponding to the intralath structures or trans-
formation twins, and the cross markers indicate the double diffraction
spots. The electron diffraction and fast Fourier transform patterns are
consistent with both the intralath structures and the transformation
twins, and from the orientation relationship with respect to the
martensite matrix, it is difficult to distinguish between intralath struc-
tures and transformation twins. The transformation twins satisfy the
edge-on condition in Fig. 7 (c, e), and the corresponding twin boundary
planes are identified as (1 1 2)y based on the electron diffraction and
fast Fourier transform patterns (Fig. 7 (d, f)). Therefore, we can consider
that these transformation twins were introduced as a lattice-invariant
deformation, similar to those observed in lenticular martensite and
thin plate martensite [51-53]. On the other hand, the intralath —
enclosing lath boundaries are not edge on in Fig. 7(a), and they are not
parallel to (1 1 2)y. As demonstrated in Fig. 6(b), those planes are
parallel to {0 1 1}y.

4. Discussion
4.1. Crystallographic features

As shown in Fig. 3 (c, d), the orientations of habit planes / lath
boundary planes of martensite in the present 2Mn-0.5C steel are
distributed between (2 5 2)4 and (2 9 5)4 in the austenite coordinate
system, and around (3 8 1)y in the martensite coordinate system. In
conjunction with previous studies [7], we identified a distinct carbon
composition dependency on habit plane / lath boundary plane orien-
tation, as the orientation progressively deviates from (1 1 1), towards (2
5 2)a or (2 9 5)a, and from (0 1 1)y towards (3 8 1)y, with increasing
carbon content. According to traditional understanding, the habit plane
of martensite varies depending on its morphology; lath martensite: (1 1
1) or (5 7 5)a, butterfly martensite: (2 5 2),, lenticular martensite: (2 9
5)a or (3 15 10)4, and thin plate martensite: (2 9 5)5 or (3 15 10)a [54].
However, the present study demonstrates that this classification is not
universally applicable. As shown in Figs. 2 and 3(c), the present
2Mn-0.5C steel exhibits a typical lath martensite structure, but its habit
plane orientations range from (2 5 2)a to (2 9 5)a. In the following, we
discuss the origin of the habit plane orientation observed in the present
study based on the PTMC.

The PTMC postulates that the habit plane corresponds to a macro-
scopically invariant plane, established through the combined effects of
lattice deformation (specifically the Bain deformation for face-centered
cubic (fcc) to body-centered cubic or tetragonal (bcc/bcet) trans-
formation), lattice-invariant deformation, and rigid-body rotation
[31-34]. Within the double lattice-invariant deformation framework of
PTMC [55-57], the overall shape deformation tensor (F) is given by:

F=RBP; P>, 6h)

Here, B represents the Bain deformation that converts the fcc lattice into
bet; P; and P, correspond to lattice-invariant deformations that produce
an undistorted plane; and R denotes the rigid-body rotation necessary to
align the undistorted plane to an invariant plane. For the PTMC calcu-
lations, the lattice parameters were taken as ay = 0.36313 nm for
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Fig. 7. (a, c, e) STEM images and (b, d, e) selected area diffraction / fast Fourier transform patterns and those key diagrams; (a, b) twin-orientation-related intralath

structures and (c - f) transformation twins.



A. Shibata et al.

austenite and ap; = 0.28974 nm (with ¢y = ap) for martensite, based on
ultra-low carbon steel data reported by Morito et al. [4]. To examine the
effect of tetragonality, cy; value was virtually adjusted so that the c/a
ratio became 1.02, 1.04, and 1.06. The lattice-invariant deformations of
P; and P are expressed as,

(2)
3

where s; and s are shear magnitudes; d; and d> are shear directions; p;
and pg are shear planes; I is the identity matrix. Based on the previous
analyses of martensitic interphase boundaries [58], the P; and P, are set
asd;=[-101]a,p1=(101)a,d2=1[0—-11]a,p2=(011)s. Inthe case
of single lattice-invariant deformation, s, is set to zero. On the other
hand, when double lattice-invariant deformations are considered, s; is
increased from its value in the single lattice-invariant deformation case,
and sy is then uniquely determined as the minimum value that satisfies
the condition for forming an undistorted plane. The colored open sym-
bols in Fig. 3(c) correspond to the results obtained from the double
lattice-invariant deformation framework of the PTMC by increasing the
value of s; in increments of 0.05 (starting from 0.250 for c/a = 1, from
0.255 for ¢/a = 1.02 and 1.04, and from 0.265 for c/a = 1.06). With
increasing s;, the value of sy required to satisfy the invariant-plane
condition increases from 0 to 0.094 for c/a = 1, from 0 to 0.065 for
¢/a=1.02, from 0 to 0.039 for ¢c/a = 1.04, and from 0 to 0.011 for c/a =
1.06. We found that a larger magnitude of s, shifts the invariant plane
approaching (h 1 h)4 type orientation (for example, (1 2 1)5 or (2 5 2)4).
In particular, high tetragonality (c/a = 1.02 ~ 1.06), combined with a
large value of sy, results in the invariant plane being close to (2 5 2)
plane. The observed habit plane orientations are distributed around the
invariant plane orientations predicted for lattice-invariant deformation
parameters of s; = 0.260, sz = 0.025, c/a = 1.04, and for s; = 0.265, s2 =
0.057, c¢/a = 1.02.

Based on the empirical equation of the relationship between
martensite tetragonality and carbon composition; ¢/a = 1.00 + 0.045 x
mass % C [59], the c/a ratio of the martensite in the present 2Mn-0.5C
steel is estimated to be 1.022, which is close to the value assumed in the
PTMC calculations for the observed habit plane orientations. Here, the
effect of Mn content on martensite tetragonality is not considered. We
previously reported that shape deformation magnitude becomes mini-
mum when the lattice invariant deformations are selected as invariant
plane orientation close to (h 1 h)s type orientation [58]. Based on the
above discussions, we can conclude that the habit plane orientations in
the present 2Mn-0.5C martensitic steel are well explained by double
lattice-invariant deformations associated with a high degree of tetra-
gonality. However, the selected lattice-invariant deformation systems,
particularly the magnitudes of the lattice-invariant deformations, do not
correspond to those that minimize the overall shape deformation
magnitude, suggesting a transient state toward its minimization. It
should be noted that habit plane orientations in the IF steel deviate
significantly from the invariant planes predicted by the PTMC. As pro-
posed previously [7], this deviation could be attributed to dynamic
changes in the lath boundary plane during growth, since the high Ms
temperature promotes an increase in the fraction of low-energy,
close-packed atomistic terraces (i.e., (0 1 1)y planes) to mitigate the
net interfacial energy. Consequently, the habit plane orientations in the
IF steel with high Ms temperature tend to approach the (1 1 1) plane.

Py =1+s;d;9p;

Py =1+ 53 d2®p2

4.2. Local variant combination

The most significant finding in the present study is the clear identi-
fication of twin-orientation-related intralath structures (Figs. 4,5,6).
These twin-orientation-related intralath structures are entirely distinct
from transformation twins in terms of both morphology and crystal-
lography. In particular, the intralath-enclosing lath boundary planes are
close to {0 1 1}y (Fig. 6), whereas the boundaries of transformation
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twins are (1 1 2)y; (Fig. 7). Oka and Okamoto [60] reported the presence
of {1 0 1}y-type twins with a thickness of less than several tens of
nanometers, in addition to {1 1 2}y transformation twins, within
lenticular martensite plates in 1.80C steel. They proposed that the
exceptionally high tetragonality of martensite (c¢/a = 1.078) facilitates
the formation of {1 0 1}y-type twins to accommodate the shape strain or
to inherit the shear strain associated with transformation twinning.
Compared with the 1.80C steel studied by Oka and Okamoto [60], the
tetragonality of martensite in the present 2Mn-0.5C steel is significantly
lower (c/a 1.022, estimated using the empirical equation [59]).
Furthermore, the deviation of the intralath-enclosing lath boundary
planes from the {0 1 1}y plane is substantial, ranging from 1.88 ° to
10.54 ° with an average of 5.21 ° (Fig. 6(b)). Therefore, we can conclude
that the embedded nanometer-scale domains within the martensite plate
are not {1 0 1}y-type twins reported by Oka and Okamoto [60] but
rather twin-orientation-related intralath structures.

It is unlikely that the twin-orientation-related intralath structures
nucleate and grow inside a given martensite plate. Rather, as illustrated
schematically in Fig. 8 (a-d), we consider that the orientation of
martensite does not rotate into, nor evolve toward, a twin-related
orientation; rather, a different martensite variant (the twin-related
variant with respect to the original one) nucleates ahead of the longi-
tudinal growth front of the original martensite plate. Subsequent lateral
growth of the martensite plate then leads to the twin-orientation-related
intralath structures being embedded within the martensite plate (Fig. 8
(e, f)). This is consistent with the observation results that all the twin-
orientation-related intralath structures are connected to one side of
the lath boundary (Fig. 5). Although it is extremely challenging to
directly observe the growth behavior of martensite, it is reasonable to
assume that the longitudinal growth rate of a martensite plate is much
faster than its lateral growth rate. Indirect evidence for this is that
lenticular martensite changes its substructure from twins to dislocations
during lateral growth, likely due to local temperature rise inside the
martensite plate, whereas no such substructure change was observed in
the longitudinal direction [51,53].

In the following, we discuss the effect of martensite tetragonality on
stress-induced variant selection based on micromechanics calculations,
assuming that an enclosing martensite plate and intralath structure
correspond to V1 and V2, respectively. Previous micromechanics cal-
culations [7,61] indicated that the twin-related variant (V2) is prefer-
entially formed due to its negatively large interaction energy with the
stress field of austenite induced by the pre-existing martensite variant
(V1), indicating stress-induced variant selection. According to the
equivalent inclusion method proposed by Mura [62], the stress field ()
in and around an inclusion () embedded in an infinitely extended
matrix (D-Q) is given by:

Q: 65 = Ciyy(Skimn€rm — €51) = Cipa (SimnEmy — €57) C))
D-Q: Cij = Cijklskbnne;:n (5)
e —¢g* + EP (6)

where C’ and C are elastic moduli of martensite and austenite, respec-
tively; S is the Eshelby tensor; &* is the eigenstrain; and £ * is the fictious
equivalent eigenstrain. When both C’ and C are known, £** can be
evaluated from Eq. (4). The literature data of elastic moduli at high
temperatures were used in the calculations: C1; = 154 GPa, C1p = 122
GPa, and C44 = 77 GPa for austenite at 1155 °C [63]; and C;; = 170 GPa,
C12 = 124 GPa, and C44 = 103 GPa for ferrite (martensite) at 720 °C
[64]. We assume that the martensite lath exhibits a thin-disk shape, with
its broad face parallel to the invariant plane predicted by PTMC, and an
aspect ratio of 0.2. The eigenstrain (e *) associated with the formation of
V1 is defined as:

£ = % (F'F—1I) Q)
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Fig. 8. Schematic illustration showing the formation sequence of twin-orientation-related intralath structures (V2) embedded within the martensite plate (V1).

where F is the shape strain tensor determined based on the PTMC (Eq.
(1)). The volumetric interaction energy between the stress field gener-
ated by V1 in the surrounding austenite matrix (derived from Eq. (5))
and the transformation strain associated with another variant (Vn,n=1
~ 24) is given by:

1
E= —Eo'ije

i v ®
A negative interaction energy indicates that the corresponding
martensite variant is preferentially formed in the vicinity of the pre-
existing V1. We assumed eigenstrains of another variant (¢*; yn) to be

the shear deformation caused by the first shear of the Bogers and Burgers
model [65], represented by the slip system a/18 <1 —1 —2> {1 —1 1}4,

which corresponds to the primitive step of martensitic transformation.
Fig. 9 summarizes the interaction energy between stress field generated
by the formation of V1 and the eigenstrain of variants V1 to V6

0.05

(belonging to the same packet), as a function of martensite tetragonality.
The shape deformation tensor of V1 at each tetragonality value was
obtained by assuming the condition of minimum shape deformation
magnitude, which corresponds to an invariant plane of (h 1 h)s type. We
find that the order of interaction energies remains unchanged regardless
of martensite tetragonality; V2 is the most preferentially formed under
the stress field generated by V1, whereas V3 and V6 are not favored in
terms of stress-induced variant selection. It is worth noting that the
interaction energy of V2 significantly decreases with increasing
martensite tetragonality, although a similar decreasing trend is also
observed for V1, V4, and V5. This behavior may partly explain the
reason why twin-related variants (V2) are more frequently observed in
the present 2Mn-0.5C steel compared to our previous results for IF steel
and 0.2C steel [7]. A comparable trend was quantitatively reported by

Stormvinter et al. [16], who showed that the frequency of twin-related
variant combination increases with increasing carbon content.
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Fig. 9. Interaction energy between the stress field generated by V1 and the eigenstrains of variants V1 to V6 as a function of martensite tetragonality (c/a).
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It has been reported that the microstructure of lath martensite,
particularly the block and packet sizes, becomes finer with increasing
carbon content [4]. The conventional interpretation of this phenomenon
is that increasing carbon content, along with a simultaneous decrease in
the Ms temperature, leads to hardening of the austenite matrix [66]. As a
result, accommodation of transformation strain by plastic deformation
becomes more difficult, and instead, self-accommodation through the
formation of multiple variants is promoted. However, the aggregation of
variants within a packet, namely V1 - V6, does not constitute an
appropriate combination of variants for self-accommodation. In
contrast, the combination of V1, V6, V16, and V17, which is frequently
observed in lenticular martensite and thin plate martensite, is consid-
ered the most suitable for self-accommodation [17-21]. The micro-
mechanics calculations shown in Fig. 9 indicate that increasing the
martensite tetragonality facilitates the stress-induced formation of V1,
V2, V4, and V5 around the pre-existing V1, with V2 being the most
preferentially selected variant. This tendency is indeed observed in
Figs. 4 and 5. The enhanced stress-induced variant selection may also
contribute to the refinement of lath martensite structure with increasing
carbon content.

To date, the strength and toughness of martensite have been pri-
marily attributed to the block size, namely the size of a variant enclosed
by high-angle boundaries [67-69]. However, twin-orientation-related
intralath structures embedded within a martensite plate, which are
identified in the present study (Figs. 4, 5, 6), may also play a critical role
in determining mechanical performance. These intralath structures can
act as barriers to dislocation motion and hinder cleavage crack propa-
gation, thereby enhancing both the strength and toughness of the
martensitic structure. Their influence is particularly important at the
atomistic scale, where local stress concentration and deformation
behavior are governed by the presence of such internal boundaries.
Accordingly, we can propose that controlling the formation and spatial
distribution of these twin-orientation-related intralath structures,
potentially through optimized thermomechanical processing, emerges
as a promising strategy for tailoring the mechanical properties of
medium-carbon martensitic steels.

5. Conclusions

The present study investigated the microstructures of lath
martensite, particularly local variant configuration and crystallographic
features, in the medium-carbon steel via FIB-SEM serial sectioning and
ACOM-TEM analyses. The key findings are summarized as follows:

1. Although the overall morphology of the lath structure appears
complex and interwoven, each individual lath exhibits a relatively
well-defined, plate-like shape, rather than a literal “lath”-like
morphology. Two-surface trace analysis revealed that the orienta-
tions of habit planes (lath boundary planes) are distributed over a
range from (2 5 2)a to (2 9 5)4 in the austenite coordinate system,
and are centered around (3 8 1)y in the martensite coordinate sys-
tem. These observed habit plane orientations are well rationalized by
the PTMC incorporating double lattice-invariant deformations and a
high degree of martensite tetragonality.

2. The crystallographic variant analysis indicates that six variants
sharing the same parallel close-packed planes in the K-S relationship,
namely V1 through V6, are formed in a packet. There appears to be a
tendency for V1/V4, V2/V5, and V3/V6 to form adjacent pairs.
Moreover, we identified the existence of nanometer-scale domains
exhibiting a twin relationship with the enclosing martensite plate,
whose boundary planes are close to {0 1 1}y;. These domains can be
interpreted as twin-orientation-related intralath structures, which
are entirely distinct from {1 1 2}y transformation twins in terms of
both morphology and crystallography. The clear identification of a
twin-orientation-related intralath structure introduces a new
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hierarchical level, fundamentally challenging and redefining the
conventional microstructural concept of lath martensite.

3. We consider that the twin-orientation-related intralath structure
forms ahead of the longitudinal growth front of the original
martensite plate. The subsequent lateral growth of the plate then
leads to the twin-orientation-related intralath structures being
embedded within the martensite plate. This interpretation is
consistent with the observation results that all the twin-orientation-
related intralath structures are connected to one side of the lath
boundary.

4. Micromechanics calculations indicate that the formation of twin-
orientation-related intralath structures (V2) is driven by stress-
induced variant selection associated with the pre-formed
martensite variant (V1). An increase in martensite tetragonality
preferentially promotes the stress-induced formation of V2, while
also facilitating the formation of V1, V4, and V5 around the pre-
existing V1.
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