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Abstract
The morphology and characteristics of granular bainite (GB) in pipeline steels at different continuous cooling rates were 
investigated by scanning electron microscopy, transmission electron microscopy and electron back-scattered diffraction 
(EBSD). The results show that the morphology of ferrite matrix in GB turned from the lath sheaf structure into the nearly 
equiaxed large grain with the cooling rate decreasing from high (60 °C/s) to low (5–10 °C/s). At the medium cooling rate 
(20–40 °C/s), GB consisted of the irregular ferrite matrix, the granular martensite/austenite (M/A) constituents and abundant 
substructures inside. The formation of the irregular ferrite and substructure was attributed to the high-temperature recovery 
which occurred at relatively high-temperature stage before phase transformation. The granular morphology of M/A constitu-
ents was formed from the carbon-rich triple junctions which were produced by the multidirectional substructure interfaces 
converged with each other. Particularly, some martensite in M/A constituents was misoriented from the adjacent ferrite by 
very small misorientation angle, which could be characterized by the mean band contrast function of EBSD qualitatively 
or semiquantitatively.
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1 Introduction

The granular bainite composed of the equiaxed bainitic 
ferrite matrix and island constituents was firstly found in 
low- and medium-carbon alloyed steels [1]. The island 
constituent, named martensite/austenite (M/A) constituent, 
was composed of martensite and retained austenite origi-
nally transforming from carbon-rich austenite partially to 
martensite during subsequent cooling process. The granu-
lar bainite (GB) microstructure can generally be produced 
under the process of continuous cooling [2]. In the industrial 
production, steel is mainly produced under the condition of 
continuous cooling. Therefore, the GB microstructure gives 
rise to the great interest in industry. It is reported that the 

strength and toughness of low-carbon GB steel were higher 
than those of ferrite–pearlite steel resulted from the com-
bination of grain refinement and dislocation strengthening 
(substructure strengthening) [3, 4].

To date, the understanding of GB microstructure has not 
reached a consensus, and its transformation mechanism is 
also indistinct. Particularly in the pipeline steels, products 
of the non-equilibrium phase transformation usually contain 
little cementite due to the extremely low carbon content [1, 
5, 6]. In this case, the final microstructure tends to form 
ferrite rather than bainite and normally consists of vari-
ous morphologies of ferrite, such as polygonal ferrite (PF), 
quasi-polygonal ferrite (QF), granular bainitic ferrite (GB), 
acicular ferrite (AF) and bainitic ferrite (BF) [7–10]. As a 
result, the definition of GB microstructure is confusing in 
pipeline steel, which is sometimes considered as BF or AF 
microstructure [3, 10–13]. Actually, due to relatively similar 
range of phase transformation temperature, the deformed 
austenite can be transformed to multifarious ferrite under the 
continuous cooling process. It means that the phase trans-
formation regions of different kinds of ferrite are overlapped 
during continuous cooling, further increasing the difficulty 
in identifying microstructure [6, 14, 15].
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Thompso et al. [16] reported a GB microstructure consist-
ing of granular morphology M/A constituents or as-retained 
austenite and a featureless matrix with reserved prior austen-
ite grain boundary, which could be formed during continu-
ous cooling process. Caballero et al. [17] revealed that the 
transformation mechanism of GB was similar to that of the 
lath-like bainite, while the lath structure in GB is coarse or 
incomplete. However, Zajac et al. [18] found that the ferrite 
matrix of GB had irregular grain boundary and often showed 
the etching evidence that the dislocation substructures con-
strain the retained austenite into equiaxed shape.

Since the above reasons illustrate the complexity of the 
GB microstructure in pipeline steel, it is necessary to sys-
tematically investigate the morphologic characterization and 
the corresponding influence factors.

2  Experimental material and procedures

The commercial high-grade pipeline steel was used in this 
work. Its chemical composition was C 0.04, Si 0.28, Mn 
1.54, P 0.011, S 0.002, Nb 0.062, Ti 0.014, Mo 0.14, Ni 
0.29, Cr 0.25 and Fe balance (in wt.%). The pipeline steel 
cylindrical tubes with a diameter of 8 mm and a length of 
20 mm were adopted to ensure enough deformation. The 
process of thermal simulation test is illustrated in Fig. 1. 
The cylindrical tubes were firstly austenitized for 300 s at 
1180 °C and then performed two-stage deformations by 25% 
at 980 °C and 60% at 820 °C in turn. Finally, the deformed 
specimens were cooled to room temperature at the linear 
cooling rates of 1, 2, 5, 10, 20, 40 and 60 °C/s, respectively. 
A combination of scanning electron microscopy (SEM, 
S-4300) and transmission electron microscopy (TEM, 
H-800) was adopted to investigate the morphology of GB 
in detail. The characteristic of interior substructure of GB 

was carried out by TEM. The crystallographic information 
was provided by electron back-scattered diffraction (EBSD, 
Nordlys F+). The longitudinal section of samples for opti-
cal microscopy (OM, MEF-4M) and SEM was ground and 
polished and then etched in a 4 vol.% Nital solution. The 
thin-foil samples for TEM were electropolished by twin-
jet electropolisher in an electrolyte consisting of 6 vol.% 
perchloric acid and 94 vol.% alcohol at − 30 °C. The EBSD 
samples were electropolished using the electrolyte with 10 
vol.% perchloric acid and 90 vol.% acetic acid.

3  Results and discussion

3.1  GB morphology under different cooling rates

In general, the BF in pipeline steels commonly contains the 
sheaf structures with parallel laths surrounded by parent 
austenite grain boundary (PAGB) [17]. In contrast to the 
BF, AF microstructure is described as a non-equiaxed ferrite 
matrix with relatively high dislocation density and distrib-
uted in a random manner, which always contains interwo-
ven ferrite plates with high aspect ratio [19]. As shown in 
Fig. 2a, BF cannot be found even at the fastest cooling rate. 
The final microstructure was mixed with AF and GB. This 
phenomenon is in accordance with the former studies that 
BF microstructure is restricted under large deformation in 
the austenite non-recrystallization region [12, 20]. The AF 
and GB were also mixed together at cooling rate of 40 °C/s, 
as shown in Fig. 2b. GB and AF could be simultaneously 
observed because both of them phase-transformed in simi-
lar temperature range during continuous cooling process 
[21]. Particularly, due to the widening of the AF plates with 
decreasing cooling rate, the morphology became indistin-
guishable in some region. At the cooling rate of 20 °C/s, 
GB consisted of the irregular ferrite and granular M/A 
islands, which was one of the typical morphologies of GB. 
As the cooling rate decreased from 10 to 2 °C/s, as shown 
in Fig. 2d–f, the ferrite matrix was changed to the equi-
axed morphology and the grain boundaries became clear 
and straight. At the cooling rate of 5 °C/s (Fig. 2e), a large 
number of QF grains were formed and the M/A constituents 
turned into the dot-like particles which were distributed on 
both grain interior and grain boundary. At the lowest cooling 
rate of 2 °C/s, the microstructure was dominated by PF and 
QF, as shown in Fig. 2f. According to the OM images, the 
dynamic continuous cooling transformation (CCT) diagram 
was constructed and is displayed in Fig. 3a, which shows 
the microstructural evolution with variation of cooling rate. 
In addition, the microhardness of samples at different cool-
ing rates is displayed in Fig. 3b, which decreased with the 
decreasing cooling rate. Observed from the microstructure Fig. 1  Schematic diagram of thermal simulation process
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above, the mixed microstructure of AF and GB cannot be 
distinguished clearly in OM.

For characterizing the elaborate structure of the mixture 
microstructure, Fig. 4 shows the typical SEM morphology 
of GB at different cooling rates, which presents the charac-
teristics of the ferrite matrix and M/A constituents. At the 
high cooling rate of 60 °C/s (Fig. 4a), a large equiaxed GB 
grain was made up of three coarsened ferrite blocks. The 
nearly parallel M/A constituents in one of the blocks implied 
the existence of lath structures inside. The granular M/A 
constituents appeared at grain, block and lath boundaries; 
especially, a long-strip M/A constituent distributed along 
the grain boundaries. Then, the granular and long-strip M/A 

constituent as well as the normal grain boundaries together 
made up the complete PAGB. However, in Fig. 4b, only 
part of PAGB remained and the short rod-shaped M/A 
constituents with approximately parallel arrangement in 
GB showed the sheaf morphology. The etching evidence 
of dislocation substructures helped to draw the outline of 
the sheaf structure. Therefore, at the high cooling rate, GB 
consisted of the rough ferrite lath or sheaf structure and the 
M/A constituents with granular or short rod shape; mean-
while, the PAGB could be completely or partly remained. 
At the medium cooling rate corresponding to 40 and 20 °C/s 
in Fig. 4c, d, the GB grains were refined dramatically and 
turned into the featureless morphology with the granular 

Fig. 2  Optical micrographs of samples at different cooling rates. a 60 °C/s; b 40 °C/s; c 20 °C/s; d 10 °C/s; e 5 °C/s; f 2 °C/s

Fig. 3  Dynamic continuous cooling transformation diagrams (a) and microhardness of samples at different cooling rates (b)
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M/A constituents distributing on the grain boundaries or 
the triple junctions. The distribution of the irregular ferrite 
and granular M/A constituents was more uniform at 20 °C/s 
compared with that at 40 °C/s. At the relatively low cool-
ing rate of 10 and 5 °C/s, the ferrite matrix of GB became 
quite large and equiaxial, whereas the fraction of the M/A 
constituents decreased and their size reduced, as shown in 
Fig. 4e, f. Caballero et al. [17] remarked that the GB micro-
structure observed as granular coarse ferrite plate with M/A 
islands via OM and SEM did not really exist; the GB actu-
ally consisted of bainite ferrite sheaves and very fine aus-
tenite between the subunits. In the present work displayed 
in Fig. 4, three kinds of typical morphologies of GB can be 
distinguished at different cooing rates using high-resolution 
SEM.

For further investigating the elaborate structure of GB 
microstructure, the TEM graphs were displayed and ana-
lyzed. The typical TEM morphology of GB at different 
cooling rates is shown in Fig. 5. At 60 °C/s, the sheaf struc-
tures with fine laths were detected and the M/A constitu-
ents formed on the top of the laths, as shown in Fig. 5a. At 
the same time, the rough ferrite laths are also observed in 
Fig. 5b, which consisted of the strip-type and film-type M/A 
constituents. The growth of ferrite laths terminated at the 
PAGB or the adjacent lath boundaries, which boosted carbon 
in enriching at the grain or lath boundaries, resulting in the 
formation of the two types of M/A constituents.

The ferrite laths contained high-density dislocations, as 
indicated in Fig. 5c. These observations contribute to eluci-
dating shearing mechanism during GB transformation under 
the high cooling rate [22].

At the medium cooling rates varying from 40 to 20 °C/s, 
the lath of sheaf structures in matrix was replaced by the 
nearly equiaxed substructures with the granular M/A con-
stituents inside, as shown in Fig. 5d–f, which is in accord-
ance with the results of SEM. The high-density disloca-
tions in ferrite matrix were partly tangled together, which 
formed the dislocation cells and subgrains. The abundant 
substructures indicate that the significant recovery process 
was underway during continuous cooling with the medium 
rate. These well-developed substructures could restrict the 
following bainite transformation, which destroyed the lath 
sheaf structures of bainitic ferrite.

At the low cooling rate of 10 and 5 °C/s (Fig. 5g–i), the 
dislocation tangle and annihilation processes would sustain 
for a long time, resulting in the dislocation density decreas-
ing and the substructure coarsening. At these cooling rates, 
the content of carbon atoms which are on both the grain and 
subgrain boundaries declined obviously due to carbon dif-
fusion. Then, many QF microstructures were transformed, 
which had relatively low dislocation density and large grain 
size. Meanwhile, the grain size and fraction of the M/A con-
stituents decreased significantly. Fang et al. [23] suggested 
that the so-called “granular bainite” includes two kinds of 
microstructures: one was ferrite matrix with PAGB which 
possessed lath sheaves and semi-continuous strip-shaped 
islands distributed in lath and grain boundaries; and the 
other called granular structure, in which the ferrite matrix 
was composed of irregular massive pro-eutectoid ferrite 
and featureless islands with random distribution. Therefore, 
referring to their classification of GB, in present work, the 
GB microstructure produced under the high cooling rate 

Fig. 4  Scanning electron micrographs of GB microstructures at different cooling rates. a, b 60 °C/s; c 40 °C/s; d 20 °C/s; e 10 °C/s; f 5 °C/s
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was corresponding to the characteristics of granular bainite. 
The GB microstructure formed at the low cooling rate was 
similar to the granular structure. Fang et al. [23] pointed out 
that the strength of the GB was superior to that of granular 
structure, which is in accordance with the microhardness 
results shown in Fig. 3b, because the granular structure had 
a larger grain size with relatively low dislocation density 
comparing with GB.

Based on the results of SEM and TEM, it can be con-
cluded that the GB morphology in pipeline steel changed 
with the cooling rate during continuous cooling. At a high 
cooling rate (60 °C/s), GB consisted of the complete or par-
tial PAGB and obvious lath sheaf structure, and the strip-
type and film-type M/A constituents were distributed on 
both the PAGBs and lath boundaries.

At a low cooling rate (10 or 5 °C/s), both the ferrite 
matrix and the inner substructures turned into large size, 

nearly equiaxed shape and low dislocation density, while 
the lath sheaf structures disappeared. This can be called 
granular structure.

However, for a medium cooling rate (40 or 20 °C/s), the 
GB microstructure is complicated, which consisted of the 
irregular refined ferrite matrix and granular M/A constitu-
ents distributed on both grain and subgrain boundaries. 
Meanwhile, the sheaf structure and PAGB were hardly 
observed. These features were easily misunderstood as the 
AF microstructure, which also contained the non-equiaxed 
grains [5, 19]. Currently, few studies go ahead for a unified 
understanding of the formation process with respect to the 
GB morphology at the medium cooling rate. Therefore, 
this process will be discussed in the next section.

Fig. 5  Transmission electron micrographs of GB microstructures at different cooling rates. a–c 60 °C/s; d 40 °C/s; e, f 20 °C/s; g, h 10 °C/s; i 
5 °C/s
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3.2  Formation of GB with irregular‑shaped 
ferrite + granular M/A constituent

In order to investigate the formation process of GB trans-
formed at the medium cooling rate, some typical microstruc-
tures were selected from the GB microstructure at 20 °C/s 
and are displayed in Fig. 6, which could form under the 
different states of the continuous cooling process. These 
microstructural characteristics could provide information 
of both the substructure variation and phase transformation 
during continuous cooling.

The deformation is inhomogeneous under a large degree 
of strain in the non-recrystallization region; as a result, the 
dislocation tangled and piled up together (Fig. 6a), form-
ing the dislocation cell structures (Fig. 6b). At the high-
temperature stage of the continuous cooling process, the 
dislocation cell walls are flattened by the cross-slip of the 
screw dislocations and the climb of the edge dislocations 
(Fig. 6c). It concludes that the polygonization process is 

well developed, which is the main mechanism of the high-
temperature recovery [24]. This process took place at the 
relatively high temperature before phase transformation, 
which boosted the formation of the featureless substructure 
(Fig. 6d). It is noteworthy that the substructures could also 
impinge with each other during the continuous cooling or 
transformation processes, which impels promoting the struc-
ture more disordered [19].

The presence of the irregular substructures will limit or 
destroy the development of the lath sheaf structures in the 
following bainite transformation. Meanwhile, the abundant 
substructures can also divide the parent austenite grain, 
resulting in the refinement of the whole microstructure, as 
shown in Figs. 4d and 5e, f.

When undercooling to the austenite decomposition tem-
perature, the ferrite grain nucleuses commonly have a certain 
coherent relationship with parent austenite [22]. The coher-
ent interface has so low energy that can be preferentially 
developed to make the ferrite grains in strip-typed form, as 

Fig. 6  Microstructure analysis for GB microstructure at 20 °C/s. a–d Typical TEM morphology of recovered structure during continuous cool-
ing; e, f typical morphology of GB; g line scanning of interface; h granular M/A constituent formed on interface intersection
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displayed in Fig. 6e. With the grain growth, the coherent 
relationship of interfaces loses gradually due to the restric-
tion of the various substructures around. On the other hand, 
austenite under heavy deformation within non-recrystallized 
region could be transformed to ferrite through a high trans-
forming rate, resulting from two factors: the high internal 
energy of the deformed austenite and the large number of 
nucleation sites provided by the deformed defects [6–8]. Due 
to the two factors, the aspect ratio development of the strip-
typed ferrite grains was dynamically restricted, resulting in 
the microstructure further equiaxed and refined. As a result, 
both the irregular (Fig. 6d) and relatively equiaxed (Fig. 6f) 
ferrites can be produced resulting from the constraint of the 
abundant irregular substructures and rapid phase transfor-
mation. Moreover, defects caused by deformation can be 
inherited in GB at the high transformation rate [7, 11]. Thus, 
the GB matrix finally contains relatively high dislocation 
density, as shown in Figs. 5e, f and 6d, e.

In Fig. 6d, the strip-typed M/A constituents distributed 
along the substructure boundaries, which indicated that 
carbon aggregated unevenly at the preformed substructure 
interfaces. A line scan of the interface test was carried out 
via energy dispersive X-ray spectroscopy in SEM in Fig. 6g, 
which presented a distinct peak of the carbon element close 
to the interface front, i.e., the carbon accumulated at the 
interfaces. The development of the multidirectional sub-
structure interfaces produced many triple junctions. Then, 
carbon was strongly accumulated at these triple junctions, 
which enhanced the austenite stability in these carbon-rich 
regions. Meanwhile, these regions tended to be equiaxed 
morphology at the multidirectional stress. Finally, the gran-
ular M/A constituents were formed at the triple junctions 
marked by the arrow in Fig. 6h. Cheprasov et al. [25] also 
reported that the density of defects accumulated around the 
globular carbides was an order of magnitude higher than the 
mean values, which had confirmed that the presence of ele-
vated defect density in austenite dynamically enriched with 
carbon promoting the formation of globular carbide phase.

Furthermore, accompanied by the decrease in the whole 
grain and substructure size, the amount of the grain bound-
ary nodes goes upward with the increasing carbon-enriched 
regions. As a result, the size of carbon-rich regions reduced. 
In other words, the grain size of the M/A constitutes is 
refined. It is accepted that the existence of a very hard phase 
(such as martensite) in microstructure deteriorates the tough-
ness [26]. Some researchers stated that GB was a harmful 
microstructure which should be avoided due to the reduction 
in toughness of steels [4, 27]. However, Caballero et al. [17] 
reported that the critical size of M/A constitutes in GB to 
not crack easily should be controlled below ~ 10 μm. Fang 
et al. [23] also pointed out that the size of the M/A con-
stitutes diminished with the decrease in the prior austenite 
grain size, which could improve the strength and toughness. 

Therefore, it can be expected that the GB microstructures 
produced at the medium cooling rate possess excellent 
strength and toughness.

Considering the symbolic function of M/A constituents 
for GB, its morphology at the medium cooling rate is further 
characterized by SEM, TEM and EBSD in the next section.

3.3  Morphology of M/A constituents observed 
at medium cooling rate

Figure 7 displays the various distribution sites of the M/A 
constituents at the medium cooling rate. In the enlarged 
SEM image, the granular and strip-shaped M/A constituents 
presented the white light colors, which distributed on the 
triple junction of grains (see Fig. 7a), subgrain boundaries 
(see Fig. 7b) and matrix interior (see Fig. 7c). The M/A 
constituents caved in the ferrite matrix were smaller than 
those distributed on the interface nodes, indicating that more 
carbon element enriched at the various interface nodes.

For TEM, the M/A constituents commonly consisted of 
black and gray areas. As shown in Fig. 7d–g, there were a 
large amount of dislocations at the vicinity of the M/A con-
stituents. This is mainly attributed to the martensite phase 
transformation when the M/A constituents were generated 
[28]. Some small austenite regions were carved in the fer-
rite matrix, which increased the interface area between the 
carved austenite and surrounding ferrite. Then, more carbon 
elements enriched in these small austenite regions, resulting 
in the formation of M/A constituents in the grain interior, 
as shown in Fig. 7f. Li et al. [29] also reported that the for-
mation of the interior M/A constitutes was attributed to the 
generation of the carbon-rich and carbon-depleted zones in 
the deformed austenite.

Although there are some strip-typed M/A constituents, 
the granular-typed morphology is still dominated in GB 
microstructure. Particularly, Fig. 7h presents a kind of typi-
cal M/A constituents with micro-twinning which resulted 
from the retained austenite with high carbon content trans-
forming to the twinned martensite.

Figure 8a shows the orientation map of the sample at 
40 °C/s, in which GB microstructure predominated and 
contained the irregular substructures. The orientation maps 
defined a much larger grain size than that visualized with 
the OM micrograph. This phenomenon has already been 
accepted by other researches [9, 12, 30].

Chen et al. [31] studied the phase quantification between 
GB and ferrite using the kernel average misorientation 
function of EBSD. Lee et al. [32] distinguished the micro-
structure between GB and QF through the grain orientation 
spread function of EBSD. In addition to the two methods, 
the grain average misorientation and grain aspect ratio func-
tion of EBSD are used in combination to classify the various 
austenite decomposition products in microalloyed steels such 
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as BF, AF and QF [33]. In the present work, for investigating 
the crystallography feature of M/A constituents alone, phase 
identification via the mean band contrast (MBC) function 
of EBSD was performed. The MBC function, derived from 
the BC distribution, is defined as the grain mean of a BC 
difference between adjoining pixels and can represent the 
local BC variations, which is easier to distinguish the critical 
values of different phases than BC [34]. The BC or MBC 
value is sensitive to the quality of the pattern. Commonly, 
the phase with high defect density (like the martensite) or 
internal stress (like the deformed microstructure) has a low 
pattern quality, which will have a small BC or MBC values.

The austenite was excluded from the calculation due to its 
negligible content. Thus, in the current situation, the phase 
identification of the M/A constituents could be simplified 
to the martensite identification. Then, the MBC curve was 
acquired and fitted by three Gaussian peaks, as displayed in 

Fig. 8b. Grains with MBC value > 67, which is on the left 
of the first Gaussian peak with blue dash line, were treated 
as one of the threshold values for distinguishing the mar-
tensite phase. Meanwhile, the green dot line and yellow dash 
dot line could be treated as bainite and ferrite, respectively. 
However, when the martensite fraction is too small or the 
bainite exists, BC fraction alone may not be sufficient [34].

By measuring the size of the M/A constituent in Figs. 4, 
7 and 8 through the Image J software, the M/A constituent 
size was approximately less than 1.5 μm, which was used 
for another criterion. Similarly, Caballero et al. [17] also 
reported that the grain size of M/A constituents in GB was 
about 1.5 μm.

Finally, setting the two criterions as the subsets in 
EBSD, the M/A constituents were identified by intersect-
ing the two sunsets, as shown in Fig. 8c marked by the 
black areas. The black lines represent high-angle grain 

Fig. 7  Different morphologies of M/A constituent at medium cool-
ing rate. a–c SEM morphology of M/A constituent formed on grain 
boundary nodes, subgrain boundaries and matrix interior, respec-
tively; d–f TEM morphology of M/A constituent formed on grain 

boundaries, subgrain boundaries and matrix interior, respectively; 
g selected area diffraction patterns of M/A constituent in Fig.  7e 
marked by blue arrow; h M/A constituent with micro-twinning
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boundaries (HAGB) with a critical angle of > 15°, and the 
red lines represent low-angle grain boundaries (LAGB) 
with a critical angle between 2° and 15°. An enlarged part 
indicated by the box in Fig. 8c is shown in Fig. 8d. It is 
found that the M/A constituents were mainly formed on 
the boundary nodes in agreement with the results from 
SEM and TEM. Interestingly, some M/A constituents 
distributed along the grain boundaries enclosed partly by 
HAGBs and partly by LAGBs, which could be concluded 
that some martensite in M/A constituents misoriented 
from the adjacent ferrites with quite small misorientation 
angles. This is consistent with the results proposed by the 

previous study that the GB generally contains the low-
angle boundaries [32]. It is reported that the major alloy-
ing elements such as Mn, Ni and Cr could segregate at the 
interface between M/A constituents and QF surrounded by 
HAGBs, which deteriorated the critical crack tip opening 
displacement [32]. In contrast, the small orientation rela-
tionship between M/A constituents and GB matrix and the 
existence of abundant substructures make the distribution 
of elements more dispersive. In addition, the difference in 
microhardness between M/A constituents and soft ferrite 
matrix produces the M/A constituents with more voided 
or cracked in QF than that in GB [26]. This conclusion 

Fig. 8  EBSD results of sample at 40  °C/s. a Inverse pole figure; b 
mean band contrast distribution with Gaussian fit; c misorientation 
maps combined with M/A constituent; d enlarged part indicated by 

dashed box in c; e {100} pole figure of M/A constituent in c; f optical 
micrograph of M/A constituent etched by Lepera etchant; g, h distri-
bution of M/A constituent in c and f, respectively
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also suggests that GB microstructure formed at medium 
cooling rate would have good toughness.

Furthermore, the {100} pole figure of the M/A constitu-
ents in Fig. 8c is solely displayed in Fig. 8e. A number of 
M/A grains had similar orientation, indicating that the mar-
tensite transformed from the carbon-enriched austenite in 
M/A constituents followed a certain orientation relationship.

For comparing with the EBSD characterization, the M/A 
constituents with bright white color were also revealed alone 
by the Lepera etchant in Fig. 8f. The M/A fraction in Fig. 8c, 
f was 4.0% and 5.9% (obtained by the EBSD and Image J soft-
ware), respectively. Then, Fig. 8g, h shows the distribution of 
M/A constituents measured from Fig. 8c, f, respectively. The 
low M/A fraction measured by EBSD should be attributed to 
the process of eliminating noise. The high-carbon martensite 
consists of numerous micro-twinning or high dislocations 
resulting in indexing failures (no solution), and therefore, it 
is mistakenly deleted [26, 34]. In addition, there were also a 
few individual grains with the size over 1.5 μm and were not 
taken into account. However, despite certain errors existing, 
the MBC function could still be used to characterize the M/A 
constituents in GB qualitatively or semiquantitatively.

4  Conclusions

1. The ferrite matrix morphology of GB changes from the 
lath sheaf structures partly or completely surrounded by 
PAGB to the equiaxed-like large grains with the cooling 
rate decreasing from high (60 °C/s) to low (5–10 °C/s).

2. At the medium cooling rate (20–40 °C/s), GB shows the 
irregular refined ferrite matrix, the granular M/A con-
stituents and abundant substructures inside. The forma-
tion of the irregular ferrite and substructures was attrib-
uted to the high-temperature recovery of the deformed 
austenite before phase transformation at the medium 
cooling rate. The granular morphology of M/A constit-
uents was formed from the carbon-rich triple junctions 
that were produced by the multidirectional substructure 
interfaces converged with each other.

3. At the medium cooling rate, the M/A constituents in GB 
distributed on the boundary notes, subgrain boundaries 
and matrix interior can be found. Some martensite in 
M/A constituents misoriented from the adjacent ferrites 
by very small misorientation angles. The MBC function 
of EBSD could contribute to characterizing the M/A 
constituents qualitatively or semiquantitatively.
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