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ABSTRACT ARTICLE HISTORY
The present study examined the morphology, substructure, crystallography, and element Received 28 April 2025
distribution of as-transformed (air-cooled) pearlite in medium-carbon steel using focused ion Revised 12 June 2025
beam-scanning electron microscopy serial sectioning and advanced transmission electron Accepted 16 June 2025
microscopy analysis. The three-dimensional analysis revealed that the cementite did not KEYWORDS

exhibit a fully continuous lamellar structure, and the long axis direction of non-continuous Pearlitic steel: microstructure
region was nearly identical within each cementite lamella and among the adjacent cementite formation mechanism;
lamellae. The measured macroscopic interfacial plane orientation ranged from (0 1 0)g to (T 2 transmission electron
0)gand (2 15)qto (T 1 1), The growth directions of cementite lamellae tended to align with the microscopy; serial-sectioning;
invariant line between cementite and ferrite, as well as the parallel direction in the Pitsch-Petch crystallography
relationship. Even within a single colony, the orientations of both the ferrite and cementite

regions changed discontinuously, forming low-angle boundaries, some of which exhibited

a staircase-like shape. The orientation relationship between ferrite and cementite changed

slightly at the low-angle boundary within a colony. This indicates that when the accumulated

misfit strain exceeds a certain value, the parallel direction relationship changes to accommo-

date the accumulated strain while maintaining a nearly identical orientation relationship. The

concentration inside cementite lamella was not completely homogeneous; manganese and

chromium were enriched, while carbon was depleted, at the lamellar interface. We surmised

that the inhomogeneous element distribution in cementite lamella could be attributed to the

incomplete partitioning behavior of alloying elements at transformation, as well as their

segregation at the lamellar interface, aiming to reduce interfacial energy.
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IMPACT STATEMENT

The present paper provides a comprehensive understanding of the formation mechanism of
pearlite structures in steel by employing state-of-the-art techniques, including FIB-SEM serial
sectioning and advanced TEM analysis, notably ACOM-TEM.

1. Introduction have an extremely high strength up to 5-6 GPa [1-3].

Pearlite, formed in medium- and high-carbon steels,is ~ Additionally, the as-transformed pearlite itself exhibits
one of the most important microstructures in engi-  high resistance to wear, fatigue fracture, and hydrogen
neering steels due to its ability to provide high  embrittlement [4-7]. However, low impact-toughness
strength. For example, cold-drawn pearlite steel wires ~ is one of the critical issues for the application of
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pearlite steels [8-11]. The characteristic microstruc-
tural feature of pearlite is a lamellar structure consist-
ing of alternating ferrite and cementite lamellae.
Ferrite exhibits body-centered cubic structure and
hardly dissolves carbon, while cementite, Fe;C, con-
tains a large amount of carbon and has an orthorhom-
bic unit cell corresponding to the space group of P,
(given the lattice parameters along the [1 0 0], [0 1 0],
and [0 0 1] directions in cementite as a, b, and c,
respectively, the convention ¢ < a < b is adapted in
the present study). In addition to the lamellar struc-
ture, pearlite consists of several structural units,
namely nodule and colony [12]. Through a pearlite
transformation, an austenite grain is divided into sev-
eral nodules, which are units with nearly identical
orientation of ferrite. Inside a nodule, there are several
colonies, and the colony is defined as the region where
the interface normal of cementite lamella is identical.

Although there is a certain understanding of the
pearlite microstructure, a characteristic heterogeneity
in morphology and orientation distribution has also
been observed (examples are described below) [13-
22], indicating that the microstructural study of pear-
lite is still in progress. Adachi et al. [18,21] studied
three-dimensional (3D) morphology of cementite in a
eutectoid Fe-C alloy by focused ion beam-scanning
electron microscopy (FIB-SEM) serial sectioning.
They showed that the cementite did not exhibit
a complete lamellar shape. Moreover, some of the
cementite lamellae were twisted in three-dimensions.
They proposed that the non-continuous regions in
naturally grown cementite lamella led to the shape
instability and induced the initiation and development
of cementite spheroidization. Several studies also
reported the existence of ferrite intrusions in
a cementite lamella [13-15], though their formation
mechanism remains uncertain.

To date, three main orientation relationships have been
recognized for ferrite and cementite in pearlite (in the
following, the subscripts 0 and a indicate cementite and
ferrite, respectively); the Pitsch—Petch relationship [23,24]
(110 0}g~ 13 1],,(010)5// (215),, [00 1,
~ [3 11],), Bagaryatskii relationship [25], ([1 0
0lg // [1 1 1], (01 0)g // (112),, [0 0 1]g
/I [110],) and Isaichev relationship[26]

([Looly// 11 1], (01 1)y// (112),,[001],

// [110],). It has been reported that the pearlite
nucleated on clean austenite grain boundary, typi-
cally in eutectoid composition, exhibits the
Pitsch-Petch relationship [27,28]. On the other
hand, the Bagaryatskii and Isaichev relationships
have been found for pearlite nucleated from
hyper-eutectoid cementite and pro-eutectoid fer-
rite, respectively [27,28]. These three relationships
can sometimes be simultaneously established in
a given pearlite structure [22]. Zhou and Shiflet
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[28] observed the lattice images of pearlite in an
Fe-12Mn-0.81C alloy and reported that the ato-
mistic habit planes of cementite, which are the
planes of interface between ferrite and cementite,
basically corresponded to the planes holding par-
allel relationship: (0 10),//(215), in the Pitsch-
Petch relationship, (010),// (112), in the
Bagaryatskii relationship, and (011),// (112),
in the Isaichev relationship. On the other hand,
Zaefterer et al. [19] reported via 3D analysis using
FIB-SEM serial sectioning that the interfacial
plane of cementite lamella does not exhibit
a unique orientation. However, they focused only
on the orientation of the ferrite region and did not
identify the orientation of the cementite region.
According to the traditional definition of struc-
tural unit of pearlite described above, orientation
of ferrite inside a nodule is uniform. However, the
recent studies revealed that there is a slight mis-
orientation across the adjacent colonies [16-19].
Walentek et al. [16] reported that the ferrite
matrix contained a network of low-angle bound-
aries even in one colony. In contrast, Nakada et al.
[20] insisted that the misorientations of ferrite as
well as cementite increased continuously along
a cementite lamella, attributing this crystallo-
graphic orientation rotation to elastic strain origi-
nating from the misfit at the ferrite/cementite
interface. Recently, phase-field simulations have
been utilized to understand the transformation
kinetics, local element distribution at growth
fronts in the three-phase region (austenite/ferrite/
cementite), and development of lamellar structures
[29-33].

While extensive experimental and simulation
research has been conducted on pearlite structures,
further exploration of the substructure (i.e. intrinsic
defects) and crystallography is essential for
a thorough understanding of the formation
mechanism of pearlite structures. Fundamental
research on microstructure in pearlite can offer
insights into developing novel microstructural con-
trol strategies aimed at enhancing advanced high-
strength steels. Recently, we developed an analysis
method that connects the 3D morphology of
microstructures, with crystallography using FIB-
SEM serial sectioning and used this method to
study the formation mechanism of microstructure
as well as the relationship between microstructure
and fracture behavior in martensitic steels [34-37].
Applying this approach to the pearlite microstruc-
ture in steels is expected to yield new insights.
Although several recent studies have utilized elec-
tron backscattering diffraction (EBSD) with SEM to
analyze the orientation of cementite, specifically in
larger sizes [16,20], the conventional techniques
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have primarily relied on selected area diffraction
analysis in transmission electron microscopy
(TEM). In addition to the SEM-EBSD technique,
orientation mapping with precession electron dif-
fraction in TEM (known as automated crystallo-
graphic orientation mapping in TEM, ACOM-
TEM) can provide high spatial resolution orienta-
tion and phase maps of ferrite and cementite in
a pearlite structure. The present study revisits the
morphologies, substructures, and crystallography of
pearlite by utilizing FIB-SEM serial sectioning and
advanced TEM techniques (such as ACOM-TEM).

2. Experimental procedures

This study used a medium-carbon steel containing
manganese, silicon, and chromium. The detailed
chemical composition was C: 0.62%, Si: 2.02%, Mn:
0.23%, P: 0.001%, S: <0.001%, Cr: 1.01%, and Fe:
balance (mass%). A round bar with dimensions of
40 mm diameter and 100 mm length was austeni-
tized at 850°C for 30 min, followed by air cooling.
The heat-treated specimen consists of pearlite and
a small amount of pro-eutectoid ferrite [38]. The
following analyses were conducted at the center of
the specimen.

Microstructures were observed using SEM with an
acceleration voltage of 2 kV (Hitachi High-Tech, SMF-
1000) and TEM/scanning transmission electron micro-
scopy (STEM) operated at 200 kV and 300 kV (JEOL,
JEM-2800 and JEM-ARMB300F). Thin foils for TEM/
STEM analysis were fabricated using an FIB
(ThermoFisher Scientific, Scios 2). Local crystal orienta-
tion mappings for the fabricated thin foils were per-
formed using ACOM-TEM (NanoMEGAS, ASTAR).
The measurement areas were 3.2 um x 3.2 pm and
8 um X 8 pm, with step sizes of 2 nm and 5 nm, respec-
tively. Local element distribution was analyzed using
STEM equipped with energy-dispersive X-ray spectro-
scopy (EDX). The EDX measurements were performed
under the edge-on condition of cementite lamella, which
was determined through careful tilting experiments in
STEM.

A pillar with dimensions of approximately 25 um x
25 pm x 25 pm was lifted out from the specimen using an
FIB, and the serial sectioning was performed using an
orthogonal FIB-SEM system (Hitachi High-Tech, SMF-
1000) [39]. The pillars were milled at intervals of 20 nm
with an acceleration voltage of 30 kV and a beam current
of ~6 nA. The microstructure of each milled surface was
observed using SEM with an acceleration voltage of 2 kV.
The ORS Dragonfly software was used to reconstruct the
3D images from the series of SEM images. A detailed
procedure for preparing the specimen for FIB-SEM serial
sectioning and TEM/STEM observation is described in
Appendix A.

A. SHIBATA et al.

3. Results

3.1. Orientation relationship between ferrite and
cementite

As shown in the SEM and STEM images of Figure 1(a,
b), the heat-treated specimen exhibits a typical pearlite
with a fine lamellar structure of ferrite and cementite.
Figure 1(c) illustrates an ACOM-TEM orientation
map superimposed on the STEM image, demonstrat-
ing that ACOM-TEM analysis can identify the local
crystallographic orientation of the cementite with
a high spatial resolution. The color indicates
a crystallographic orientation parallel to the normal
direction of the observed section according to the
color map inserted at the right upper corner. Because
the ACOM-TEM measurement was performed under
a no-tilt condition and the cementite lamellae are
inclined to the incident electron beam direction, the
cementite lamellae appear to be somewhat thicker in
the image. The pole figure obtained by ACOM-TEM
(Figure 1(d)) indicates that the cementite holds the
Pitsch-Petch relationship with respect to the sur-
rounding ferrite; ([1 0 0]g~[1 3 1], (red circle and
blue circle), [0 1 0],// [21 5], (red rectangle and blue
rectangle), and [0 0 1],~ [3 11], (red triangle and
blue circle). All the observed orientation relationship
in the analyzed areas is the Pitsch-Petch relationship.
The following crystallographic analysis is based on this
variant of the Pitsch-Petch relationship.

3.2. Morphology of cementite determined by 3D
analysis

The 3D analysis using FIB-SEM serial sectioning is
illustrated in Figure 2. The cementite regions in the
analyzed volume were segmented by machine learn-
ing, with the U-net function using the ORS Dragonfly
software, and each color represents the individual
connected cementite region. In Figure 2(a,d), the
colored arrows (green, red, purple, yellow, and blue)
indicate the fragmented and isolated cementite
regions on the YZ section of X=0 pm. Particularly,
the cementite regions indicated by purple and yellow
arrows exhibit a round shape. One may consider that
spheroidization of cementite occurred partially.
However, as shown in the YZ sections of X=
0.085 um (Figure 2(b,e)) and X =0.355 um (Figure 2
(c,f)), these cementite regions are not spheroidized;
instead, they exhibit a rod-like shape. Moreover, the
cementite regions which are observed to be fragmen-
ted on a given section (for example, the regions indi-
cated by green, red, and blue arrows in Figure 2(a,d))
are actually not isolated but are part of a large lamella.
Figure 2(g-i) depict the morphology of each extracted
cementite region. The cementite lamella is not fully
continuous, and it should be noted that the long axis
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Figure 1. (a) SEM image, (b) STEM image, (c) ACOM-TEM orientation map superimposed on the STEM image, and (d) pole figure of
ferrite (<1 2 5>, <1 1 3>, blues) and cementite ([1 0 0lg, [0 1 0], [0 O 1]g, red) in ().

direction of the non-continuous region where ferrite
protrudes into cementite lamella is nearly identical in
each cementite lamella as well as in the neighboring
cementite lamellae. Moreover, as illustrated in
Figure 2(i), for an example, those directions differ
between regions 1 and 2. This implies that the long
axis direction of the non-continuous region could be
parallel to the growth direction of the cementite
lamella, and that the direction of a given cementite
lamella may intermittently change. The detailed mor-
phology of cementite in Figure 2(i) is presented in the
Supplementary Materials section (Movie S1).

The orientation of the interfacial plane of cemen-
tite lamella was determined through two-surface
trace analysis using a 3D image, and the results are
presented in Figure 3; (a) 3D image of pearlite and
(b, ¢) interfacial plane orientations with respect to
cementite and ferrite coordinate systems, respec-
tively. Because we fabricated the TEM/STEM thin-

foil from the region near the final section of FIB-
SEM serial sectioning and performed ACOM-TEM
analysis, as shown in Figure Al(e,f) in Appendix A,
the crystallographic orientations of ferrite and
cementite determined by ACOM-TEM were utilized
for two-surface trace analysis. The sectioning direc-
tion in the analyzed volume is -Z direction, meaning
that the final section where ACOM-TEM analysis
was performed corresponds to the top surface in
Figure 3(a). Because each cementite lamella does
not exhibit a fully continuous morphology
(Figure 2), a two-surface trace analysis was con-
ducted on the apparent lamellar-shaped regions,
using the average inclination over a length of
approximately 1-4 micrometers in the depth direc-
tion on the ACOM-TEM observation plane. As
shown in Figure 3(b,c), the interfacial planes of
cementite lamella in colony 2 (c2) and colony 4
(c4) are close to (0 1 0)g and (2 1 5), These planes
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Figure 2. 3D morphology of pearlite on each section: (a,d) X=0pum, (b,e) X=0.085 um, and (c,f) X=0.355 um, and (g-i) each
extracted cementite regions ((d-f) are enlarged views of the areas indicated by dashed rectangles in (a-c)).

correspond to the parallel planes of the Pitsch-Petch
relationship. On the other hand, the interfacial
planes of cementite lamella in colony 1 (c1) and
colony 3 (c3) are rather parallel to (12 0)g and
(111),. Because each cementite lamella in colonies
1 ~ 4 maintains the Pitsch-Petch relationship with
the surrounding ferrite, we can infer that the crystal-
lographic orientation of the macroscopic interfacial
plane of cementite is not unique, unlike the case of
martensite and bainite. The interfacial plane

orientation varies within a range from (0 1 0)g to
(120)gand (215),to (11 1), Zaefferer et al. [19]
also reported that there was no clear relationship
between the crystal orientation and the macroscopic
interfacial plane.

Figure 4(a,b) present high-magnification 3D
images of colony 1 in Figures 3(a), with 4(b) speci-
fically illustrating several independent cementite
lamellae distinguished by different colors. We
should note that all the cementite lamellae share
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Figure 3. (a) 3D image of pearlite and (b,c) interfacial plane
orientation with respect to cementite and ferrite coordinate
systems.

the similar long axis directions of the non-
continuous region. This suggests that the growth
directions are almost the same in these cementite
lamellae (along 1 and 2). The growth directions (the
long axis directions of the non-continuous region)
were determined using the orientation of cementite
and ferrite measured by ACOM-TEM and plotted
on the standard stereographic projections of
Figure 4(c,d) (the colors of the plots correspond to
those of cementite lamellae in (a,b). Growth direc-
tion of ‘1’ ranges from [2 1 1]g to [2 1 2]g and
around [1 1 2],, while growth direction of 2’ is

A. SHIBATA et al.

primarily around [0 0 1]g and [3 1 1],. The relation-
ship between the growth direction, invariant line,
and interfacial plane depicted in Figure 4(c,d) will
be explained in the following discussion section.

3.3. Substructure and local element distribution
characterized by TEM/STEM

Figure 5(a,b) show ACOM-TEM orientation maps
and (c,d) corresponding pole figures. There are five
colonies in the observed areas, namely colony 1, 2, 3, 4,
and 5, and the cementites in all the colony have the
Pitsch-Petch relationship with respect to the sur-
rounding ferrite. The pole figure of Figure 5(c) indi-
cates that the neighboring colonies 1 and 2 in
Figure 5(a) exhibit the orientation relationship of [1 0
0Jo1 ~ [0 1 Oloz, [0 1 Olgr ~ [0 0 1]ga, [0 0 1]o; ~[1 0
0]g,. For the neighboring three colonies (colony 3, 4,
and 5) in Figure 5(b), the relationships of [0 0 1]g3 ~ [0
0 1]g4 and [1 0 O]gs ~ [0 O 1]g5 can be confirmed, as
depicted in Figure 5(d). Furthermore, cementites in
colonies 3, 4 and 5 also appear to exhibit a kind of
mirror symmetry relationship with each another.
Consequently, we can propose that the cementite
lamellae in the adjacent colonies have a certain crystal-
lographic orientation relationship, though their inter-
face normals are different from each other. In
addition, the orientation of ferrite between colonies
has slight misorientation ranging from 2° to 9°. As
depicted in the STEM image around the boundary
between colonies 1 and 2 in Figure 5(e), some of the
cementite lamellae belonging to the different colonies
are connected at the colony boundary (yellow circles).
These observation results suggest that cementite
lamellae in the neighboring colonies did not form
independently but rather exhibit a crystallographic
orientation relationship, connecting each other at the
colony boundary.

Figure 6 shows (a) low-magnification and (b-d)
high-magnification STEM images, and the
observed areas in (b-d) are indicated by the
white rectangles in (a). We can observe several
boundaries inside a given colony. The misorienta-
tion angles of the boundaries measured by
ACOM-TEM in the same area are 6.7°, 2.0°, and
7.6° in Figure 6(b-d), respectively, indicating that
the orientation inside the colony is not uniform,
but changes discontinuously through the forma-
tion of low-angle boundaries. In Figure 6(b,d),
the cementite lamellae are basically discontinuous
at the low-angle boundaries. On the other hand,
the cementite lamellae in Figure 6(c) are contin-
uous but slightly change the interface normal at
the low-angle boundaries as indicated by the white
broken lines. These low-angle boundaries appear
as boundaries characterized by a high density of
dislocations, similar to the dislocation boundaries
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Figure 4. (a,b) 3D images of pearlite and (c,d) standard stereographic projections showing the long axis directions of the non-
continuous region of cementite lamella with respect to cementite and ferrite coordinate systems. The invariant lines between
cementite and ferrite lamellae, as well as the macroscopic interfacial plane normal, are also plotted in (c,d).

in deformed metals [40]. Additionally, we should
note that the low-angle boundary in Figure 6(b)
exhibits a staircase-like shape. The results of the
local orientation analysis are depicted in Figures 7
and 8. Figure 7 shows (a) ACOM-TEM orientation
map and (b) misorientation profiles of ferrite and
cementite along the white lines in (a). The discon-
tinuous orientation changes at the boundary can
be confirmed for both ferrite and cementite (~7°
in the ferrite and ~6° in the cementite). The loca-
lized arrangement of dislocations (dislocation
boundaries) and the coordinated change in the
local orientation of ferrite and cementite, as
shown in Figures 6 and 7, indicates that local
plastic deformation occurs during the pearlite
transformation. Figure 8 is the analysis results on
the local orientation relationship between ferrite
and cementite; (a) ACOM-TEM orientation map
and (b-e) standard stereographic projection of
ferrite on which the poles of [0 1 0]g ((c), around
[215],),[00 1]4((d),around [3 1 1],), and [1 0 0]

((e), around [1 3 1],) are plotted. The misorienta-
tion of the ferrite regions in the upper and lower colo-
nies is 6.7° (Figure 6(b)). The orientations of neighboring
ferrite and cementite, as indicated by circle markers in
Figure 8(a), were used to transform the orientation of
cementite into the coordinate system of ferrite. A detailed
method to plot the cementite orientation on the stereo-
graphic projection of ferrite coordinate system is
described in Appendix B. For the Pitsch-Petch relation-
ship, it is impossible to simultaneously achieve both
001],//[311],and [100],// 13 1], as [311],
and [13 1], are not orthogonal. As shown in Figure 8(c-
e), the wupper colony (blue plots) exhibits
[001],//[31 1], while the lower colony (red plots)
satisfies rather [1 0 0]g//[1 3 1], The misorientation
between [0 1 0], and [21 5], are almost the same
between the upper and lower colonies. These results
indicate that orientation relationship between ferrite
and cementite is slightly changed at the low-angle
boundary inside a colony.
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Figure 5. (a,b) ACOM-TEM orientation maps superimposed on the STEM images, (c,d) pole figures of ferrite (<0 0 1>, <12 5>,
<11 3>,) and cementite ([1 0 0lg, [0 1 0lg, [0 0 1]g) in (a,b), respectively, and (e) STEM image.

Analysis results on element distribution at macro-  manganese, and (d,g) silicon). The concentration pro-
scopic scale are depicted in Figure 9; (a) STEM image,  files of Figure 9(e-g) were obtained along the white
(b-d) element distribution maps, and (e-g) concentra-  lines indicated in Figure 9(a-d), and ‘A’ and ‘B’ are
tion profiles of ferrite region ((b,e) chromium, (c, f) the positions across the low-angle boundary. Though
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Figure 6. (a) Low-magnification STEM image and (b—d) high magnification STEM images whose observation areas are indicated in

(a).
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Figure 7. (a) ACOM-TEM orientation map superimposed on the STEM image and (b) misorientation profiles along the white
arrows indicated in (a).
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Figure 8. (a) ACOM-TEM orientation map superimposed on the STEM image and (b — e) standard stereographic projection of ferrite

on which the poles of [0 1 0]g ((c), around [2 1 5]4), [0 0 1] ((d), around [3 1 1],), and [1 0 Ol ((e), around [1 3 1],) are plotted.
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Figure 9. (a) STEM image, (b—d) element distribution maps, and (e—g) concentration profiles of ferrite region ((b,e) chromium, (c,
f) manganese, and (d,g) silicon).

not so obvious in manganese distribution, we can find (d) chromium, (e) manganese, and (f) iron), and (g,h)
that chromium is depleted, while silicon is enriched  concentration profiles across a single cementite lamella.
around the low-angle boundary as illustrated in It is clear that carbon, chromium, and manganese are
Figure 9(b-g). Figure 10 presents (a) STEM image,  enriched, while silicon and iron are depleted at the
(b-f) element distribution maps ((b) carbon, (c) silicon, cementite. However, the concentration inside the
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Figure 10. (a) STEM image, (b-f) element distribution maps ((b) carbon, (c) silicon, (d) chromium, (e) manganese, and (f) iron), and

(9,h) concentration profiles across the cementite lamella.

cementite lamella is not completely homogeneous even
though the thickness of the cementite lamella is very
thin (~10 nm). More specifically, chromium and man-
ganese are slightly enriched around the interface (that
is, depleted at the center part), while carbon is depleted
in the vicinity of the interface, as shown in Figure 10(g,
h). It should be noted that the local enrichment/deple-
tion of elements is only observed inside the cementite
lamella and not in the surrounding ferrite matrix.
Similar heterogeneous element distributions in cemen-
tite lamella have been confirmed by a 3D atom probe
analysis [41]. The analysis of element distribution
around the side surface of a cementite lamella (corre-
sponding to the growth front at transformation) is
shown in Figure 11 ((a) STEM image, (b—f) element

distribution maps ((b) carbon, (c) silicon, (d) chro-
mium, (e) manganese, and (f) iron), and (g,h) concen-
tration profiles across the side surface. We can find that
the concentration profiles at the side surface are not
sharp compared to those at the lamellar interface
between ferrite and cementite (Figure 10). The region
with gradual increase (carbon, manganese, and chro-
mium)/decrease (silicon) of concentration toward the
cementite ranges about 366 nm (from ‘B’ to ‘A’ in
Figure 11). The STEM image of Figure 11(a) indicates
that the side surface plane of cementite lamella would
not be parallel to the incident electron beam direction.
The side surface region inclined to the foil plane extends
from ‘C to ‘D’, as estimated by the contrast change of
cementite (Figure 11(a)). Its length is obviously shorter
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Figure 11. (a) STEM image, (b—f) element distribution maps ((b) carbon, (c) silicon, (d) chromium, (¢) manganese, and (f) iron), and
(g, h) concentration profiles across the side surface of cementite lamella (corresponding to the growth front at transformation).

than the region with a gradual increase/decrease in
concentration (from ‘B’ to ‘A’), suggesting that the
broad concentration change at the side surface of
cementite lamella is an intrinsic phenomenon.

4. Discussion

As described in the Introduction section, pearlite,
when nucleated on a clean austenite grain bound-
ary with an eutectoid composition, follows the
Pitsch-Petch relationship. Conversely, pearlite
that nucleates from hyper-eutectoid cementite
and pro-eutectoid ferrite exhibits the Bagaryatskii

and Isaichev relationships, respectively. As shown
in Figures 1, 5, and 8, the observed orientation
relationship in the present study is the Pitsch-
Petch relationship. This could be because the
microstructure exhibited almost fully pearlite due
to air-cooling treatment, even though the present
study used medium-carbon steel (0.62 % C), which
is off-eutectoid in composition. However, this
result is limited to the analyzed areas and does
not imply that all air-cooled pearlites satisfy the
Pitsch—Petch relationship.

Adachi et al. [18,21] performed 3D characteriza-
tion of cementite lamellae in a eutectoid steel and
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reported that non-continuous regions are always pre-
sented in the naturally grown cementite lamella. Our
3D observations also demonstrated that a cementite
lamella is not continuous and contains several non-
continuous regions where ferrite protrudes into
cementite lamella (Figures 2 and 4). The formation
mechanism of these non-continuous regions present
in the cementite lamella still remains unclear. The
analysis on element distribution around the side sur-
face of cementite lamella (corresponding to the
growth front at transformation) shown in Figure 11
indicates that there is no significant chemical inho-
mogeneity, except for a broad concentration change,
at the side surface. Therefore, we can conclude that
local chemical inhomogeneity is not the cause of the
discontinuous morphology of cementite lamella.
Because the long axis direction of the non-
continuous region is nearly identical in each cemen-
tite lamella as well as in the neighboring cementite
lamellae (Figures 2 and 4), the shape of the non-
continuous region would retain its original shape to
some extent at transformation, rather than being
formed during the subsequent cooling. Previous stu-
dies have observed growth ledges in pearlite struc-
tures [42,43]. Hackney and Shiflet proposed that the
ledge mechanism may contribute to the synchronous
growth of cementite and ferrite structures [42]. These
results strongly suggest the presence of
a crystallographically preferred growth direction in
pearlite structures. We can consider that the long axis
direction of the non-continuous region could be par-
allel to the preferential growth direction of cementite
lamella. Several previous studies reported that the
growth direction of precipitates tended to be parallel
to an invariant line (or near invariant line) between
matrix and precipitate [44-49]. Zhou and Shiflet [43]
reported that, regardless of the macroscopic interfa-
cial plane of the cementite lamella, its atomistic habit
plane corresponds to (01 0),// (21 5),, as long as
the Pitsch-Petch relationship is satisfied. This
implies that the interface of the cementite lamella
exhibits a step structure, with terrace planes of
(010),// (21 5),, and that the macroscopic inter-
face plane varies depending on the step spacing.
Therefore, we can consider that the invariant lines
on the atomistic habit plane of (01 0),// (215),
plays an important role, even when the macroscopic
interface plane is not exactly parallel to the atomistic
habit plane. In order to determine the invariant line
at the interface between ferrite and cementite, two
simplifying assumptions were made in the present
study; (i) the atomistic habit plane is
(010),// (21 5), which corresponds to the parallel
planes in the Pitsch-Petch relationship, as reported
previously [28,50], and (ii) although [13 1], and
[3 1 1], are not exactly perpendicular in reality, the
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orthogonal principal distortions in the atomistic
habit plane can be expressed as:

|ag[100],|
M= Tota | (1
b s3],

|ca[00 1],
My = o=t (2)
SR

According to the paper by Kato [48,51], the nor-
malized invariant line vector can be expressed using
the principal distortions in an orthogonal coordinate
system normalized by the lattice constants of

cementite;
1/2
] (3)

By using the lattice parameters of cementite and
ferrite obtained by neutron diffraction (ag=0.507 nm,
bg=0.676 nm, cg=0.451 nm, and a, =0.287 nm), we
determined the invariant line vectors as L;; = [0.695 0
0.718] and Lj,=[0.695 0 0.718]. The corresponding
normalized lattice vectors of cementite are L;; = [0.652
00.758]gand L;, = [0.652 0 0.758]4. These invariant line
vectors have been plotted on the standard stereographic
projection of Figure 4(c). The result indicates that the
projection of invariant line 1 onto the macroscopic
interfacial plane determined by two-surface trace ana-
lysis approximately aligns with growth direction 1 (ran-
ging from [2 1 1]g to [2 1 2]g), with a deviation angle of
13° ~ 24°. Conversely, growth direction 2 is approxi-
mately [0 0 1]p and [311], exhibiting
a misorientation within the range of 4° ~ 10°. These
directions are close to the parallel direction in the
Pitsch-Petch relationship. Consequently, we propose
that the growth direction of cementite lamella tends to
align with the invariant line between cementite and
ferrite, as well as the parallel direction in the Pitsch-
Petch relationship. Amemiya et al. [52] reported that
the transition of orientation relationships in pearlite is
consistent with a selection mechanism governed by the
requirement to form invariant lines between ferrite and
cementite. Therefore, their results support the idea
proposed in the present study that the invariant line
plays an important role for the pearlite transformation.

Even though a nodule has been traditionally
defined as a region with identical orientation of
ferrite [12], we have shown that the colony bound-
aries inside the nodule have a small misorientation
of ferrite ranging from 1.81° to 8.97° in the
observed area (Figure 5(c,d)). Therefore, the colony
boundaries not only change the interface normal of
cementite lamella but also the ferrite orientation
slightly. One can assume that the colony bound-
aries are formed by the impingement of

1/2 2

L—m
ns— 1M

m—1

+
n— 1

L=
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independently growing pearlite region. However,
the cementite lamella has an orientation relation-
ship with that of the adjacent colony, and some of
the cementite lamellae are interconnected with each
other across the colony boundary, as shown in
Figure 5(c-e). This indicates that the cementite
lamellae change their interface normal at the col-
ony boundaries while maintaining coherency with
the existing cementite to a certain degree. As
reported by Nakada et al. [53], we can consider
that the growth direction changes at colony bound-
aries to accommodate the accumulated misfit strain
between ferrite and cementite.

Our observation results, depicted in Figures 6 and
7, clearly indicate that the orientation change in
a colony is discontinuous with low-angle boundaries
(2° ~ 8°), and consistent with the EBSD analysis results
reported by Walentek et al. [16]. Some of the low-
angle boundaries exhibit a peculiar morphology, that
is a staircase-like shape (Figures 6(b) and 7). It is
difficult to imagine that such staircase-like boundaries
were introduced after the completion of pearlite trans-
formation to accommodate the accumulated misfit
strain. Rather, these boundaries would correspond to
the prior interphase boundary between pearlite and
austenite matrix, and they provide evidence for the
existence of a preferential growth direction of pearlite.
Previous studies [42,43] proposed that the pearlite
growth occurs through the migration of steps laterally
across the growth front. The accumulation of misfit
strain as well as the solute drag effect induced by
segregation of alloying elements at the interphase
boundary between ferrite and austenite could act as
a back stress for pearlite transformation [54,55],
resulting in the temporary stopping of the growth.
Once the growth of pearlite is retarded, accommoda-
tion of strain and element partitioning could occur
around the interphase boundary between the pearlite
and austenite matrix. Additional growth can occur
due to the increase in driving force resulting from
subsequent cooling as well as the accommodation of
misfit strain. Then, the prior interphase boundary
between pearlite and austenite matrix is retained as
a low-angle boundary with slight depletion of chro-
mium and enrichment of silicon inside the pearlite
(Figure 9). Moreover, as shown in Figure 8, the orien-
tation relationship between ferrite and cementite is
slightly changed at the low-angle boundary inside
a colony; the upper colony exhibits [0 0 1]g //
[3 11],, while the lower colony satisfies rather [1 0
0]¢ // [1 3 1],. Assuming that the growth direction of
pearlite was from lower to upper, the growth of the
lower pearlite colony keeping the relationship of [1 0
0]¢//[1 3 1], would accumulate the misfit strain. We
speculate that once the accumulated misfit strain
exceeds a certain value, the parallel direction
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relationship changes from [1 0 0]¢//[1 3 1], (lower
colony) to [0 0 1]¢//[3 1 1], (upper colony) to accom-
modate the accumulated strain while keeping the
nearly identical orientation relationship. Concerning
the deviation of the [0 1 0]q direction from the [2 1 5]
direction (Figure 8(c)), we do not believe that this
results from measurement errors, as the measurement
points within each region (upper and lower colonies)
are not widely scattered. Three possibilities can be
considered: (1) an intrinsic orientation relationship
accompanied by a non-negligible deviation of the [0 1
0]e direction from the [2 1 5], direction; (2) a slight
orientation change during subsequent cooling after
the transformation, possibly resulting from partial
spheroidization of the cementite lamella; and (3)
inevitable elastic deformation induced during the fab-
rication process of the TEM specimen.

As illustrated in Figure 10, the element distribution
inside the cementite lamella is not homogeneous; man-
ganese and chromium are enriched at the lamellar inter-
face, while carbon is depleted at the lamellar interface.
Chance and Ridley [56] reported that the partitioning
coefficient for pearlite is considerably smaller compared
to that in equilibrium. This means that the condition for
local equilibrium at the transformation is not fully satis-
fied, particularly at low temperatures. We can consider
that pearlite transformation occurs without complete
partitioning of alloying elements (that is, no-partition
mode or negligible-partitioning local equilibrium
mode), and the alloying elements are partitioned during
cooling after the formation of pearlite (the present study
employed air-cooling for pearlite transformation).
Hutchison et al. [57] studied the partitioning behavior
of pearlite in Fe-Mn-C alloy and found that the manga-
nese content inside cementite increased with longer iso-
thermal-holding periods, particularly during holding in
the austenite/ferrite/cementite three-phase temperature
range. Moreover, Zhang et al. [55] reported no macro-
scopic partitioning of manganese across the interphase
boundary between pearlite and austenite in Fe-Mn-C
alloy. Even when pearlite forms with partitioning of
alloying elements, variations in the equilibrium partition-
ing coefficient with temperature could lead to re-
partitioning of alloying elements during cooling. This
process results in an inhomogeneous element distribu-
tion inside the cementite. However, we should note here
that the observed inhomogeneous element distribution
along the thickness direction of the cementite lamella
presented in Figure 10 cannot be explained solely by the
incomplete partitioning behavior of alloying elements at
transformation. An incomplete partitioning situation
results in simultaneous enrichment (or depletion) in the
cementite and depletion (or enrichment) in the ferrite
matrix across the interface. For example, the enrichment
of manganese around the interface on the cementite side
should bring the depletion in the ferrite matrix side. As
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shown in Figure 10, although manganese and chromium
are enriched and carbon is depleted around the interface,
no depletion or enrichment of elements on the ferrite
matrix side has been observed. Based on the previous
reports [16,20] as well as the results presented in Figure 6,
the misfit strain at the interface of cementite lamella
appears significant enough to induce variations in crystal
orientation. We surmise that the segregation of manga-
nese and chromium at the interface, which decreases
interfacial energy, also contributes to the inhomogeneous
element distribution of cementite lamella.

To date, it has been simply considered that the
strength of pearlite is primarily associated with an inter-
lamellar spacing [8,58-62]. On the other hand, the effec-
tive structural unit for the toughness of pearlite remains
a topic of controversy: interlamellar spacing [59,60],
nodule size [8,9], etc. We suggest that the intrinsic defects
associated with the formation of cementite (Figures 2
and 4) and localized plastic deformation (Figures 5-7)
could potentially serve as initiation sites for fracture. The
fundamentals behind the inherently low impact-
toughness, a critical issue in the as-transformed pearlite
[8-11], could lie in these intrinsic defects. Moreover, the
local concentration of alloying elements around the
interface of cementite lamella (Figure 10) could influence
the plastic deformation behavior and brittle fracture
behavior (particularly, decohesion of lamellar interface).
Accordingly, we can propose that in order to precisely
understand the origin of macroscopic mechanical prop-
erties of pearlite, it is crucial to elucidate the relationship
between its substructures and mechanical properties.

5. Conclusions

We investigated the morphology, substructure, crys-
tallography, and local element distribution of as-
transformed (air-cooled) pearlite in medium-carbon
steel using FIB-SEM serial sectioning and TEM/STEM
analysis. The following conclusions were drawn.

(1) The 3D analysis revealed that the cementite
lamella did not exhibit a completely continuous
morphology, and the long axis direction of the
non-continuous region was nearly identical
within each cementite lamella and among the
adjacent cementite lamellae. Cementite lamella
does not have a unique orientation for its macro-
scopic interfacial plane, and the orientation of the
measured interfacial plane varies within a range
from (0 1 0)g to (120)g and (215), to
(111),. Assuming that the long axis direction
of the non-continuous region could be parallel to
the preferential growth direction of cementite
lamella, we identified that one growth direction
ranged from [2 1 1]g to [2 1 2]g and around [1 1
2], while the other was primarily around [0 0 1]
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and [3 1 1], These growth directions of cementite
lamella tended to align with the invariant line
between cementite and ferrite, as well as the par-
allel direction in the Pitsch-Petch relationship.

(2) The STEM analysis revealed that the colony
boundaries inside the nodule exhibited a small
misorientation of ferrite, and the cementite
lamellae had an orientation relationship with
those of the adjacent colony. Furthermore,
some of the cementite lamellae were intercon-
nected with each other across the colony
boundary. These results suggest that the
cementite lamellae alter its interface normal at
colony boundaries while still maintaining
coherency with the existing cementite.

(3) Even within a single colony, the orientation
changed discontinuously, forming low-angle
boundaries (2° ~ 8°). This indicates that local
plastic deformation occurred during the pear-
lite transformation. Some of the low-angle
boundaries exhibited a staircase-like shape,
which would correspond to the prior inter-
phase boundary between pearlite and austenite
matrix. We found that the orientation relation-
ship between ferrite and cementite changed
slightly at the low-angle boundary within
a colony. The upper colony exhibited [0 0 1]
/I 311], while the lower colony satisfied
rather [1 0 0]g // [1 3 1],. We speculated that
when the accumulated misfit strain exceeds
a certain value, the parallel direction relation-
ship changes from [1 0 0]g // [1 3 1], to
[001]//[311], (or vice versa) to accommo-
date the accumulated strain while maintaining
the nearly identical orientation relationship.

(4) The concentration inside cementite lamella was
not completely homogeneous; specifically, man-
ganese and chromium were enriched at the inter-
face, while carbon was depleted at the interface.
We surmised that the inhomogeneous element
distribution in cementite lamella could be attrib-
uted to the incomplete partitioning behavior of
alloying elements at transformation, as well as
their segregation at the interface of cementite
lamella, aiming to decrease interfacial energy.
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Appendices

Appendix A

The pillar for FIB-SEM serial sectioning was lifted out from the bulk sample and, from the beginning, mounted onto a copper
mesh that fits the TEM specimen holder before performing the FIB-SEM serial sectioning (Figure Al(a—d)). As shown in
Figure Al(e,f), the last section for FIB-SEM serial sectioning and the film plane of TEM/STEM specimen are almost identical
(the difference is approximately 250 nm). We understand that achieving perfect alignment of specimen geometry between the
FIB-SEM serial sectioning and TEM/STEM observation is challenging. However, the SEM image of the final section of FIB-
SEM serial sectioning and STEM image (Figure A1(g,h)) demonstrate that the alignment difference between these analyses is
negligibly small.

The bulk specimen for
serial sectioning

Cu mesh

The spec1me|
erial sectlonlng

The last section of
serial sectioning

Cu mesh

Cu mesh

Figure A1. The detailed procedure for preparing the specimen for FIB-SEM serial sectioning and TEM/STEM observation: (a—c) SEM
images showing (a) the specimen after FIB machining, (b) after the specimen was lifted out, and (c) after it was mounted onto the
copper mesh. (d-f) Scanning ion microscopy (SIM) images showing (d) the specimen before FIB-SEM serial sectioning, (e) the
specimen after FIB-SEM serial sectioning, and (f) the specimen 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 (the white
rectangle in (g) corresponds to the observed area of (h)).
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Appendix B

Using the orientation matrixes of neighboring ferrite (F;) and cementite (C;), we calculated the independent rotation matrix
(R;) for each orientation pairs (22 pairs in total, that is i = 1 ~ 22) from the following equation:

R, =F; C! (B1)
Then, the ferrite orientations exactly parallel to [0 1 0]g, [0 0 1], and [1 0 0] of cementite were calculated with the rotation
matrix, as described in Egs. B2, B3, and B4.

Fi(//[010]g) = Ri (B2)

oS = O

Fi(//[0 0 1])

R |0 (B3)

F;(//[100];) =R; |0 (B4)

LY 16

Then, the 1?;(//[0 10]g), F:(//[O 01]g), and 1?,-(//[1 0 0]g) for 22 pairs of ferrite and cementite are plotted in Figure 8(c—e). That
is, each plot in Figure 8(c-e) represents the orientation relationship, with deviations of [0 1 0] from [21 5], (Figure 8(c)),
[0 0 1], from [3 1 1], (Figure 8(d)), and [1 0 0], from [1 3 1], (Figure 8(e)), for the corresponding ferrite and cementite pair
shown in Figure 8(a).
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