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Abstract: Three-dimensional microstructures of bainitic ferrites and prior austenite grains (PAGs) were
observed in the initial stage of upper bainite transformation by using a serial sectioning technique and
orientation analysis by electron back scattering diffraction (EBSD). The formation site of the bainitic
ferrites was quantitatively evaluated by three-dimensional observation. It was revealed that the bainitic
ferrites mainly form at the planes rather than the edges of prior austenite grain boundaries (PAGBs) and
form on both sides of the PAGB plane. The effect of the orientation of the PAGs on the formation of the
bainitic ferrites was also investigated. The bainitic ferrite has a small misorientation with the bainitic
ferrite in the adjacent PAG across the PAGB. It is suggested that the reason for the formation of bainitic
ferrite at the planes rather than edges of PAGBs is because it is difficult for bainitic ferrite to have a small
misorientation with the bainitic ferrites in adjacent PAGs at edges.
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1. Introduction

Bainitic transformation has recently become more important in steel technology be-
cause it is used in high-strength steels, such as transformation induced plasticity (TRIP)
steels and carbide-free bainitic steels [1,2]. Since the nucleation of the bainitic ferrites (BFs)
at the prior austenite grain boundaries (PAGBs) is the initial process of bainite transforma-
tion [2], it is important to clarify the nucleation behavior of BFs at PAGBs to understand the
transformation process. It is well known that BF holds the Kurdjumov-Sachs orientation
relationship (K-SOR) ((111)y//(011)x, [-101}y//[-1 —1 1]x) between BF (x) and
austenite (y) [3]. Thus, twenty-four equivalent orientations (variants) of BFs can be formed
in a single PAG. When the BF forms at the PAGB, the potency for nucleation varies, and a
specific variant forms, which is known as a variant selection [4,5]. The variant selection of
BFs has been studied from the perspectives of the crystal orientation relationship between
the BF and the adjacent PAG across the PAGB plane and of the geometric relationship
between the BF and the PAGB plane. It is reported that when the BF forms at the PAGB
plane, the BF that holds near the K-S OR with the adjacent PAG is more likely to form. It is
reported that the BF has lower interfacial energy with the PAG when the BF satisfies the
K-S OR [6]. Thus, it is considered that the BFs can avoid the increase in interfacial energy
by holding the near K-S OR with the adjacent PAG [5].

Compared with the studies on the variant selection of BFs, far fewer studies have been
conducted regarding the formation site or the effect of the character of the PAGB on the forma-
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tion of BFs. It is reported that nucleation mainly occurs at PAGB corners and edges rather than
planes in the initial stage of diffusional transformation at relatively higher temperatures [7-9],
while the formation sites of BFs are not well understood. In the case of the diffusional transfor-
mation, the formation sites can be evaluated with two-dimensional observations [10]. On the
other hand, evaluating the formation site of BF is difficult with conventional two-dimensional
observations because BFs have highly anisotropic shapes, such as lath or plate [11]. Therefore,
three-dimensional observation is necessary to understand the formation sites of BF. Previous
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three-dimensional studies revealed the complicated microstructures of bainite and marten-
site [12,13]. However, to the best of our knowledge, there is no example of three-dimensional
observation of the BFs in the initial stage of transformation, which is essential to understand
the transformation process in bainite.

Therefore, in this study, the three-dimensional microstructures of BFs and PAGs in
the initial stage of upper bainite transformation were constructed by combining an optical
microscopy (OM)-based serial sectioning technique and orientation analysis by EBSD.
Based on the three-dimensional microstructures, the formation site of the BFs and the
effects of the orientation of the PAGs on the formation of the BFs were evaluated.

2. Materials and Methods

Steel with a chemical composition of Fe-0.39C-1.785i-0.83Mn-0.97Cr-1.05Ni (in mass%)
was used in this study. The steel was homogenized at 1200 °C for 24 h and cut into cylindrical
samples, comprising 8 mm in diameter and 12 mm in height. Subsequent heat treatment was
conducted using a thermomechanical simulator (Thermecmastor-Z, Fuji Electronic Industrial
Co., Ltd., Kawasaki, Japan). The sample was austenitized at 1000 °C for 1200 s, followed by
quenching to 450 °C, and maintained for 35 s to obtain partially transformed upper bainite
microstructures. Approximately 5% of the bainitic transformation proceeded (estimated from
the dilatation curve). Subsequently, the sample was cooled to room temperature to stop the
bainite transformation by the transformation of untransformed austenite to martensite. (The
definition of upper or lower bainite is not unified. The upper or lower bainite is classified
based on the morphology of the BF [11,14] or carbide [15]. In the case of Si-containing steels,
the bainite does not contain carbide [16,17]. Therefore, the bainite in this study is classified
based on the morphology of BF; when the BFs form in a feather-like shape (parallel laths),
they are classified as upper bainite.)

Figure 1a shows the schematic of the three-dimensional observation procedures. The
center of the sample was cut out, and channels were created in a crisscross pattern to make
quadrangular prisms in order to align the image correctly. The area of each quadrangular
prism was about 500 um x 500 pm. The sample was embedded in conductive resin. For the
three-dimensional reconstruction of BFs and PAGs, distinguishing BFs and martensite is
essential, as well as identifying the PAGs. Therefore, to distinguish BFs and martensite, the
OM observations were conducted at every step after the polishing with 1 um of alumina
and etching with 2% Nital. To obtain the high-resolution images, the images were taken
in 0.145 um/pixel condition. The OM images were taken to have an overlap of about
25% with neighboring images, and 25 images were composed into one large image (about
600 um x 600 pum) by using an image composite editor v2.0.3 (Microsoft). Scanning
electron microscope (SEM) observations and electron back scattering diffraction (EBSD)
measurements were performed every 5-10 steps in an SEM (JSM-7001FA, JEOL Ltd., Tokyo,
Japan) equipped with an EBSD system. To keep a constant polishing rate, the sample was
polished using a semi-automatic polishing machine (Struers, Copenhagen, Denmark). The
polishing rate was about 1.1 um/step, which was measured using a micrometer (Mitutoyo,
Kawasaki, Japan), and the accuracy was also checked using the Vickers indent method [5].
The total number of slices was 120.

Figure 1b shows the image processing schematic for constructing the three-dimensional
image. The OM images were first aligned manually, followed by automatic alignment by
Fiji v1.53f51 [18] and its extensions [19]. The left image in Figure 1c shows the inverse
pole figure (IPF) map of BFs and martensite. As shown in the left image in Figure 1c, the
PAGs transformed martensite. Therefore, it was difficult to reconstruct the PAGs from
the original EBSD data or the OM images. However, since the martensite and BFs hold
the K-S OR with the PAG, it is possible to reconstruct the PAGs from the orientation of
martensite and BFs. In this study, the PAG reconstructions were conducted using MTEX
v5.1.1 [20] and parent-austenite-reconstruction-master [21]. Some PAGs were manually
reconstructed because of their small size. The middle image in Figure 1c is the IPF map of
the reconstructed PAGs. Next, the lines of the PAGBs were drawn on the OM images as



Metals 2023, 13, 355

30f8

(a)

sample

d

shown by the red lines in the right image in Figure 1c, and three-dimensional images were
constructed using the Avizo 9.7 software.
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Figure 1. The schematic of the three-dimensional observation procedures. (a) The schematic of serial
sectioning. (b) The schematic of the image processing. (c) The IPF map of bainitic ferrites (BFs) and
martensite, the IPF map of reconstructed prior austenite grains (PAGs), and the optical microscopy
(OM) image with PAGBs drawn by red lines.

3. Results

Figure 2a shows the OM image of BFs and martensite; white dashed lines indicate
the PAGBs. In Figure 2a, the BFs, which correspond to darkly etched laths, seem to have
formed at the PAGB of PAG 1/PAG 3. Figure 2b is the OM image at the same position in the
x- and y-directions as Figure 2a but at a different position in the z-direction. In Figure 2b,
the BFs, which are identical to the BFs in Figure 2a, seem to have formed at the PAGB of
PAG 1/PAG 2. Figure 2c shows the three-dimensional image corresponding to Figure 2a,b.
The purple laths correspond to the BFs in PAG1, and the light green laths correspond to the
BFs in PAG2. By the three-dimensional observation, it was confirmed that the parallel laths,
called feather-like shapes [13], were formed at the PAGB.

Figure 2. (a) The OM image of BFs, (b) a different layer, and (c) the corresponding three-dimensional image.
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From Figure 2c¢, it was confirmed that the BFs were more likely to have formed at the
PAGB of PAG1/PAG2. The BFs in PAG1 were more likely to have collided with PAG3
as a result of the growth. As shown in Figure 2a, it is sometimes difficult to identify the
formation site of BF, while via three-dimensional observation, the formation sites and the
morphology of BFs can be evaluated more accurately.

Figure 3a,b shows the OM image and the corresponding three-dimensional image
of the BFs, at the beginning of transformation before developing into feather-like shapes,
which is the typical structure of upper bainite [13]. It was revealed that BFs formed at the
same place on both sides of the PAGB plane. Therefore, it is suggested that the BFs form on
both sides of the PAGB, even in a very initial stage.
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Figure 3. (a) The OM image of BFs, and (b) the corresponding three-dimensional image.

The development of BFs at the PAGB was examined. Figure 4a,b shows the OM images
at the same position in the x- and y-directions but at different positions in the z-direction.
In Figure 4a,b, the identical BFs are indicated by red and blue arrows. In Figure 4a, the BFs
indicated by the arrows are connected at the PAGB, while in Figure 4b, the BFs indicated by
the arrows are not connected. Figure 4c shows the three-dimensional image corresponding
to Figure 4a,b. In Figure 4c, the BFs in PAG1 are shown in orange, and the BFs in PAG2
are shown in light blue. The contact regions of the PAGB and the BFs in PAG1 are shown
in yellow, and the contact regions of the PAGB and the BFs in PAG2 are shown in purple.
Figure 4d shows only these contact regions by setting the BFs to be fully transparent. It
can be seen that the yellow regions (the contact regions of BFs in PAG1 and PAGB) and
purple regions (the contact regions of BFs in PAG2 and PAGB) are not parallel to each other.
This result suggests that the BFs are not necessarily connected at the PAGB plane when
the BFs develop into the feather-like morphology. It is because the habit plane of BFs is
crystallographically restricted [2]. Based on the results of Figures 2—4, it appears that BFs
first form at the same place on both sides of the PAGB and then develop into feather-like
shapes following the crystallographic orientation relationship with each PAG.

Figure 5a shows the OM image of the BFs and martensite. The white dotted lines
correspond to the PAGBs, and the gray dashed lines correspond to the twin boundaries.
Figure 5b shows the corresponding three-dimensional image. In Figure 5b, the transparent
grains correspond to the PAGs, and the solid laths correspond to the BFs. It can be seen that
the BFs form at the PAGB edges or planes. The formation sites of BFs were analyzed from
the eight PAGs and the neighboring PAGs, and the results are summarized in Figure 5c.
(It can be seen that the BFs colored in pink in PAG1 and the BFs colored in light green in
PAG2 formed at the PAGB plane and PAGB edge as well. In that case, the formation site
of BFs were judged by focusing on the longest BE, which is considered to be formed first.)
Figure 5c describes the numbers of the PAGB edges and PAGB planes where BFs were
formed and the PAGBs where BFs were not formed. The red, blue, and gray correspond to
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the PAGBs where BFs were formed on both sides of the PAGB, the PAGBs where BFs were
formed on one side of the PAGB, and the PAGB where BFs were not formed at the PAGB,
respectively. The numbers of PAGB edges and planes where BFs were formed were 6 out of
118 and 13 out of 71, respectively. It was found that the BFs mainly formed on both sides of
the PAGB planes, as shown in red in Figure 5c. In the case of the formation of BFs at the
PAGB edge, the BF(s) formed at one or two PAG(s) out of three PAGs that compose the
PAGB edges. The formation of the BFs at three PAGs was not found in this study. Based on
the classical nucleation theory [22], the edge should be more favored; thus, it is difficult to
explain the formation of BFs at the PAGB planes rather than the edges.

BF
2(PAG 2)
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B (PAG 2)

(PAG | ) BF 7 y ac:é; e

(PAG 1) e

Figure 4. (a) The OM image of BFs, (b) the OM image of BFs at the same position in x- and y-directions
but different positions in the z-direction. The identical BFs are indicated by the red and blue arrows,
respectively. (c) the corresponding three-dimensional image, and (d) the contact regions of the BFs
and the PAGB plane (yellow: contact regions of BFs in PAG 1 and PAGB, purple: contact regions of
BFs in PAG 2 and PAGB).
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Figure 5. (a) The OM image of BFs and (b) the corresponding three-dimensional image. (c) The
formation tendencies of BFs at PAGB edges and planes. (Red: PAGBs where BFs were formed on both
sides of the PAGBs, blue: PAGBs where BFs were formed on one side of the PAGBs, gray: PAGBs
where BFs were not formed.).

Crystal orientation analysis of BFs at PAGB was conducted. Figure 6a shows the
highlighted IQ map of BFs and martensite. Figure 6b shows the corresponding (001)x pole
figure. In Figure 6a, the BFs in PAG1 and the BFs in PAG2 are shown in red and green,
respectively. The martensite is colored based on the PAGs: PAG1: dark gray; PAG2: light
gray; PAG3: orange; and PAG4: purple. From Figure 6b, it can be seen that the orientation
of the BFs in PAG1 and the orientation of the BFs in PAG2 was close. Thus, the interfacial
energy of BFs across the PAGB was considered to be low because the misorientation angle
between the BFs across the PAGB (Afpr.1|pp,2) was small [4,5]. The A0pr, 1 pF,2 of other
BFs which formed on both sides of the PAGBs were measured. Figure 6¢c summarizes the
number of BFs with each Abpr, 1 pF, 2. It was revealed that more BFs were formed having
small Abpr,11Fy2-
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Figure 6. (a) Highlighted IQ map, and (b) the corresponding (0 0 1)« pole figure highlighted following
by (a). (c) The distribution of the misorientation angles between the BFs across the PAGBs.

4. Discussion

It was observed that the BFs formed on both sides of the PAGB plane and the
ABpF,1|Bry2 Was small. Since the BF holds the K-5 OR with the PAG, the orientation
of BFs is restricted to twenty-four variants. Thus, the value of Afpr.1|pp,2 at a PAGB de-
pends not only on the selected variant but also on the crystal orientation of PAGs. Therefore,
ABpF.,1|BF2 can be estimated by the crystal orientation of PAGs. For instance, it is assumed
that the BFs form at the PAGB of PAG2 (shown in light gray) and PAG3 (shown in orange)
in Figure 6a. As shown in Figure 6b, the orientations of the variants in PAG2 and the
orientation of the variants in PAG3 are quite far. Thus, the Abpr.q|pF, 2 is large for any
pair of BFs at the PAGB of PAG2 and PAG3. It would be difficult for BFs to form at the
PAGB, since the BFs cannot form having small A6, F,2- Then, we defined the possible
minimum misorientation angle between all variant pairs across the PAGB plane and PAGB
edge as KSmin(plane) and KSmin(edge).

The KSmin(plane) is defined as:

KSmin(plane) = [i,j]:[lr,lll]i..r.l 2424 (AQV,M,V]WZ) . 1)

Here, A0, YLVir2 is the misorientation angle between the i-th variant of y1 and

j-th variant of y2. In the case of the BFs formation at the PAGB edge, the calculation
of KSmin(edge) is a bit complicated because there are three PAGBs (y1/v2, y2/v3, and
v3/v1). In the case of the diffusional transformation, the ferrite forms across the PAGBs [7].
The crystal orientation of ferrite is the same across the PAGBs. In the classical nucleation
theory [22], it is assumed that the precipitate in the same crystal orientation forms across
the PAGB as observed in the ferrite nucleation. In order to minimize the free energy of
activation for the formation of the critical nucleus, the interfacial energies of all three
interfaces should be minimized. Thus, the KSmin(edge) is defined as:

KSmin(edge) = . 1ml]m 242424 (max (AGVivaﬂz, AGVJ,AYZ,V”?’, Ang’y?),Vi'yl) ) .2

Figure 7a shows the OM image of the sample with PAGBs. The colors of the PAGBs
correspond to the KSmin(plane), and red arrows indicate the PAGBs where the BFs were
formed. It is demonstrated that the KSmin(plane) differs depending on the orientations of
the PAGs and the BFs formed at the PAGBs colored by blue, which means that the BFs
formed at the PAGBs whose KSmin(plane) were smaller than 5°.



Metals 2023, 13, 355

7 of 8

—~
O
Nl
—~
o
~

PAGB PAGB
% 30 l:lwithout BF EIwithout BF |r— o
— 2]
“ O PAGB “— ® PAGB
o5 ||Myiner S 5 | e
Tt o O
€ m 20 Sm 60
> 2 ER
=
210 o 30
1 bainite formation site 0 9~5 5~10 10~ 0~5 5~10 10~

KSmin[® ] KSmin[® ]

Figure 7. (a) OM image with PAGBs colored by the KSmin value, (blue: 0° to 5°, green: 5° to 10°,
yellow: 10° to 15°, orange: bigger than 15°: purple: twin boundaries) and red arrows show the
PAGBs where BFs were formed. The distribution of the KSmin values of PAGB and the formation
tendencies of BFs at each KSmin value at PAGB (b) planes and (c) edges.

Figure 7b,c shows the numbers of PAGB planes and PAGB edges with each KSmin(plane)
and KSmin(edge). In Figure 7b,c, the PAGBs where BFs were formed are shown in red, and
the PAGBs where BFs were not formed are shown in gray. The formations of the BFs were
examined throughout the PAGBs of the three-dimensional image. It was revealed that the
BFs formed at the PAGBs with smaller KSmin(plane) values, which means that the PAGBs
with smaller KSmin(plane) values have higher potency for the BF formation. Therefore,
the potency for BF formation can be estimated by the KSmin(plane) value. Comparing the
distribution of the KSmin(plane) and KSmin(edge), the proportion of the PAGB edges whose
KSmin(edge) was smaller than 5°, which is supposed to be the more favored nucleation site,
was very low. It is considered that the BFs mainly form at the PAGB plane because very
few edges existed that are supposed to be crystallographically-favored nucleation sites.

5. Conclusions

By combining OM-based serial sectioning techniques and crystal orientation analysis
using EBSD, three-dimensional images of BFs and PAGs were constructed. The formation
site and the effect of the orientation of the PAGs on the formation of BFs were quantitatively
analyzed in three dimensions. It was revealed that the BFs mainly formed at the PAGB
planes rather than PAGB edges and formed at the same plane on both sides of the PAGB by
the three-dimensional observation. In most cases, the misorientation angles between the
BFs across the PAGB were small. It is suggested that the reason for the formation of BFs at
the PAGB plane rather than PAGB edges is because of the difficulty of BFs having the small
misorientations with the BFs in the adjacent PAGs at the edges.
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