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Abstract: The effect of acicular ferrite (AF) on banded structures in low-carbon microalloyed steel with Mn segregation during both iso-
thermal transformation and continuous cooling processes was studied by dilatometry and microscopic observation. With respect to the iso-
thermal transformation process, the specimen isothermed at 550°C consisted of AF in Mn-poor bands and martensite in Mn-rich bands, 
whereas the specimen isothermed at 450°C exhibited two different morphologies of AF that appeared as bands. At a continuous cooling rate 
in the range of 4 to 50°C/s, a mixture of AF and martensite formed in both segregated bands, and the volume fraction of martensite in 
Mn-rich bands was always higher than that in Mn-poor bands. An increased cooling rate resulted in a decrease in the difference of martensite 
volume fraction between Mn-rich and Mn-poor bands and thereby leaded to less distinct microstructural banding. The results show that Mn 
segregation and cooling rate strongly affect the formation of AF-containing banded structures. The formation mechanism of microstructural 
banding was also discussed. 
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1. Introduction 

For the last three decades, low-carbon microalloyed steel 
has been extensively used in pipeline structures, the auto-
motive industry, and the construction of bridges and ships 
[1−2]. The steel has a good combination of high strength, 
improved toughness, and formability, which can be con-
trolled through a reasonable combination of chemical com-
position, thermomechanical control processing (TMCP), and 
an accelerated cooling process. A typical microstructure of 
microalloyed steel is acicular ferrite (AF). AF is defined as 
the absence of carbides, non-equiaxed ferrite plates, and 
martensite/austenite (M/A) constituents between ferrite 
crystals and is formed in the intermediate temperature range 
via a displacive mechanism of phase transformations. AF 
has been widely reported to nucleate at non-metallic inclu-
sions within the austenite grains and to grow in various di-
rections. It can effectively improve the toughness because of 
its fine interlocking microstructure [3−5]. Alloying elements 
such as Mn, Mo, Cr, Ni, and Nb are added to steel to im-

prove the strength of steel through various strengthening 
mechanisms [6−7]. However, the addition of substitutional 
alloying elements and hot rolling can result in the presence 
of banded structures, which is detrimental to the mechanical 
properties of steel because of strain anisotropy [8]. 

Banded structures have been recognized for many years 
as a well-known phenomenon in hot-rolled steel [9−12]. The 
underlying cause of banding is chemical segregation of sub-
stitutional alloying elements. The dendritic growth mode of 
steel during solidification always produces interdendritic re-
gions of high solute concentration, and these regions are 
aligned with the deformation direction during subsequent 
rolling [13]. Microstructural inhomogeneities can cause the 
anisotropy in the mechanical properties of steel because 
cracking is prone to propagation along microstructural 
bands [14]. Thus, band prevention greatly improves the 
mechanical properties of steel. Previous investigations have 
suggested that the presence of bands can be prevented by 
increasing the cooling rate or the austenite grain size, despite 
the uneconomical feasibility of these measures in industry 
[10,15]. 
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A common type of banded microstructure is alternating 
parallel bands of ferrite and pearlite, which often occur in 
slowly-cooled plain carbon steel. Manganese (Mn) is widely 
accepted as one of the determing componets which bring the 
formation of banding structures [10]. Mn is a strong austen-
ite stabilizer that can lower the Ar3 temperature. Therefore, 
ferrite first nucleates in Mn-poor bands with a higher Ar3 
temperature at a lower cooling rate and rejects carbon into 
neighboring Mn-rich regions. Eventually, pearlite will form 
in Mn-rich bands [15]. 

Intense research has conducted to study the quantification 
of the degree of ferrite/pearlite bands [16−17], the influence 
of banded structures on overall mechanical properties [14], 
and some methods of effectively preventing banding [18], 
although conventionally hot-rolled ferrite/pearlite steel is not 
widely used in the modern steel industry because of its poor 
mechanical properties. AF-dominated microstructures are 
well known to exhibit optimized mechanical properties. Al-
though the formation of AF-containing banded microstruc-
tures is not as severe compared to the formation of fer-
rite/pearlite bands [19], they are unavoidable in microal-
loyed steel. However, most publications on microstructural 
banding have been based on ferrite/pearlite bands alone, 
whereas the literature contains little work on AF-containing 
bands and their formation behaviors. 

This study presents the characteristics of a series of vari-
ous AF-containing banded structures under isothermal 

treatment and continuous cooling through dilatometry; their 
transformation behaviors are also investigated. The present 
work is designed to provide further insights into the forma-
tion mechanism of AF-containing bands. 

2. Experimental 

Low-carbon Mn–Mo–Nb microalloyed steel supplied as 
a hot-roll plate was used for experimental study. The 
chemical composition of the steel is given in Table 1. The 
microstructure of the as-received steel is shown in Fig. 1(a); 
it consists of banded ferrite (F) and pearlite (P). The 
Mn-concentration map measured using an electron probe 
micro-analyzer (EPMA) is presented in Fig. 1(b). As ex-
pected, the steel contained Mn-segregated bands parallel to 
the rolling direction; in addition, the microchemical band 
spacing of this steel was observed to be approximately 20 
μm. The Mn-poor bands (level value: 1–14; the unit is X-ray 
counts) were composed of ferrite, and Mn-rich bands (level 
value: 16–32) were composed of pearlite. The local Mn 
concentrations were estimated to vary between approxi-
mately 0.7wt% (Mn-poor bands) and 1.3wt% (Mn-rich 
bands). 

Table 1.  Chemical composition of the steel   wt% 

C Mn Si Mo Nb Ni Cr Cu N 
0.13 1.06 0.41 0.33 0.02 1.22 0.26 0.66 0.0078 

 
Fig. 1.  (a) Microstructure of the as-received steel; (b) Mn-concentration map showing segregated bands. 

All heat treatments in this work were conducted on a 
high-resolution dilatometer (Bähr DIL805A/D). The diame-
ter and length of the cylindrical samples for dilatometry 
were 5 mm and 10 mm, respectively. During isothermal 
holding (Fig. 2(a)), the samples were first austenitized at 
900°C for 10 min, cooled rapidly to an isothermal tempera-
ture of 550 or 450°C, and then maintained at the isothermal 
temperature for 20 min. When the isothermal transformation 

was completed, the specimens were quenched to room tem-
perature. During continuous cooling (Fig. 2(b)), the samples 
were austenitized at 900°C for 10 min, and then cooled to 
room temperature at a cooling rate of 0.1, 0.2, 0.5, 1, 2, 4, 8, 
15, 30, 50, or 100°C/s. 

A combination of optical microscopy (Olympus GX51) 
and transmission electron microscopy (TEM, JEM-100CX 
II) was used to determine the microstructures of specimens. 
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For optical microstructures, the specimens were mechani-
cally polished and etched with a 4% nital solution. For TEM 
analysis, the specimens were sliced to a thickness of 300 
μm, mechanically thinned to 50 μm, and then electro-

polished in a twin-jet polisher using a solution of 95vol% 
ethanol solution and 5vol% perchloric acid. In addition, the 
distribution of Mn in segregated bands was confirmed using 
EPMA. 

 
Fig. 2.  Schematic illustration of heat treatments: (a) isothermal holding; (b) continuous cooling. 

3. Results 

3.1. Banded structure during isothermal holding 

The dilatation curves of specimens after isothermal 
transformation at 550 and 450°C are shown in Fig. 3. The 
curve of the specimen maintained at 550°C exhibits two dis-
tinct dilatational changes. The vertical part in the intermedi-
ate temperature range undoubtedly represents the AF trans-
formation, and the dilatational change at low temperature 
corresponds to the martensite (M) transformation. However, 
in the case of the specimen maintained at 450°C, the dila-
tometric curve shows only one dilatational change at inter-
mediate temperature, which means only the AF transforma-
tion occurred. 

 
Fig. 3.  Temperature–dilatation curves of specimens after be-
ing isothermally maintained at 550°C and 450°C. 

The corresponding optical micrographs of the specimens 
are shown in Fig. 4. The specimen maintained at an iso-

thermal temperature of 550°C (Fig. 4(a)) exhibits a banded 
microstructure of AF and martensite, both of which origi-
nated by displacive transformation of austenite. The AF ap-
parently formed during the isothermal holding period, and 
the remaining austenite transformed to martensite after 
quenching. We observed that the Mn-poor regions corre-
spond to AF, whereas martensite was formed in the Mn-rich 
regions, which means that the formation of AF is strongly 
related to Mn segregation. Although the AF is always ac-
companied by the formation of martensite/austenite con-
stituents (M/A), the distribution and morphology of the 
band-like martensite differ significantly from those of M/A. 
Fig. 5 shows a representative TEM micrograph of the sam-
ple isothermally annealed at 550°C. Band-like martensite 
(M) clearly shows a conventional lath structure with 
high-density dislocations (Fig. 5(a)); however, this mor-
phology is not observed in M/A (Fig. 5(b)). In addition, the 
grain size of the band-like martensite is approximately 5 μm, 
which is much larger than that of M/A (less than 1 μm). 
Most importantly, the distribution of M/A is dispersive 
within the AF matrix, while martensite is located along the 
bands. The aforementioned differences between martensite 
and M/A imply that their formation mechanisms differ sub-
stantially. Carbon partitioning during the growth of AF leads 
to the formation of M/A, whereas Mn segregation can result 
in band-like martensite; the reasons for this behavior will be 
discussed later. For a specimen isothermally held at 450°C, 
two different morphologies of AF appear as bands in the 
microstructure, as demonstrated in Fig. 4(b). AF plates in 
the Mn-rich bands become much finer in comparison to the 
Mn-poor bands. 
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Fig. 4.  Optical micrographs of specimens after being isothermally maintained at 550°C (a) and 450°C (b) (the Mn concentration is 
greater in the regions indicated by white ovals). 

 
Fig. 5.  TEM micrographs of specimens maintained at 550°C for 20 min showing AF plates and lath martensite (a) and M/A con-
stituents between AF plates (b). 

The evolution of the volume fraction of AF as a function 
of isothermal holding time at 550 and 450°C, as obtained by 
the change in relative length observed by dilatometry, is 
given in Fig. 6. In the case of isothermal treatment at 550°C, 
the AF transformation reaches a stasis after the holding time 
of 621 s, and the resulting AF fraction is approximately 73%. 
The reason for this stasis is explained by the incomplete 
transformation phenomenon. However, in the case of iso-
thermal treatment at 450°C, super-cooled austenite can 
completely transform to AF, and no incomplete transforma-
tion phenomenon occurs. 

3.2. Development of a banded structure during continu-
ous cooling 

The continuous cooling transformation (CCT) diagram of 
experimental steel based on the dilatometric results and mi-
crostructural observations is presented in Fig. 7. As evident 
in the figure, the CCT diagram is characterized by 
multi-transformation curves, which indicates that complex 
transformation products that include polygonal ferrite, pear-

lite, AF, and martensite are obtained, depending on the 
cooling rate. Polygonal ferrite is avoided when the cooling 
rate exceeds 2°C/s. Pearlite is formed in the cooling rate 
range of 0.1–0.5°C/s. AF transformation occurs at cooling 
rates from 1 to 50°C/s. At rates greater than 4°C/s, marten-
site transformation is observed. 

 
Fig. 6.  Effect of isothermal holding temperature on the vol-
ume fraction of AF. 
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Fig. 7.  CCT diagram of experimental steel: F―polygonal fer-
rite; P―pearlite; AF―acicular ferrite; M―martensite. 

Optical micrographs of the specimens during continuous 
cooling are shown in Fig. 8. The banded structure exhibits a 
complex variation at different cooling rates. At very low 
cooling rates (0.1–0.5°C/s), the microstructures (Figs. 8(a) 
and 8(b)) consist of alternating bands of ferrite and pearlite 
(F/P). At cooling rates of 1–2°C/s (Figs. 8(c) and 8(d)), 
pearlite formation is suppressed by the increased cooling 
rates and AF bands will form during cooling in the Mn-rich 
regions previously occupied by pearlite. Thus, F/AF bands 
are observed. Remarkably, the specimen cooled at 2°C/s ex-
hibits much less pronounced banding. 

 
Fig. 8.  Optical micrographs of specimens continuously cooled at 0.1°C/s (a), 0.5°C/s (b), 1°C/s (c), 2°C/s (d), 4°C/s (e), 8°C/s (f), 
15°C/s (g), 50°C/s (h), and 100°C/s (i) (the Mn concentration is higher in the regions indicated by white ovals). 

At higher cooling rates (4–50°C/s), the specimens (Figs. 
8(e)–8(h)) exhibit a mixture of AF and martensite in both 
segregated bands, although the degree of banding differs. 
Fig. 9 shows the effect of cooling rate on the volume frac-
tion of martensite in different Mn-concentration regions and 
the martensite volume ratio (Rm) between Mn-rich regions 
(Mn level value: 16–32) and Mn-poor regions (Mn level 
value: 1–14). The martensite fraction ratio, Rm, is deter-
mined from the following equation: 

m rich poor/R V V=  (1) 

where Vrich and Vpoor are the martensite volume fractions of 
Mn-rich and Mn-poor regions, respectively. The fraction of 
martensite in different Mn-concentration bands was meas-
ured from 10 optical micrographs of specimens subjected to 
each heat-treatment temperature, and the corresponding Mn 
content was confirmed by EPMA. For a given cooling rate, 
the martensite fraction in Mn-rich bands is clearly higher 
than that in Mn-poor bands, as shown in Fig. 9(a). Using an 
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optical microscope (Figs. 8(e)–8(h)), we noted that, com-
pared to Mn-poor bands, the Mn-rich bands (indicated by 
white ovals) etch darker because of their greater martensite 
content. As the cooling rate is increased, the volume fraction 
of martensite increases in Mn-rich bands as well as in 
Mn-poor bands, although the martensite fraction in Mn-rich 
bands is still greater than that in Mn-poor bands. Moreover, 
as clearly indicated in Fig. 9(b), Rm decreases with increas-
ing cooling rate, which means that the difference in marten-
site fraction between the Mn-rich and Mn-poor bands be-
comes smaller with the increasing cooling rate; i.e., a high 

cooling rate can suppress the formation of banded structures. 
In particular, the volume fraction of martensite in the 
specimen cooled at 4°C/s (Fig. 8(e)) is very low (less than 
4%); however, this martensite is almost entirely located in 
Mn-rich bands. When the cooling rate is increased to 50°C/s 
(Fig. 8(h)), the martensite fractions in Mn-rich and Mn-poor 
bands are very similar. Thus, the specimen cooled at 50°C/s 
exhibits a more homogeneous microstructure. At the highest 
cooling rate of 100°C/s (Fig. 8(i)), the microstructure com-
prises a fully martensite structure, and microstructural 
banding completely disappears. 

 
Fig. 9.  Effect of the cooling rate on the volume fraction of martensite in regions with different Mn concentrations (a) and the 
martensite volume ratio (Rm) between Mn-rich regions and Mn-poor regions (b). 

4. Discussion 

4.1. Incomplete transformation phenomenon and forma-
tion mechanism of AF-containing banded structures 
during isothermal holding 

When the specimen is isothermally maintained at 550°C, 
the AF transformation exhibits an incomplete characteristic. 
As shown in Fig. 6, the super-cooled austenite cannot com-
pletely transform to AF. In principle, this transformation 
stasis behavior can be explained in terms of the displacive 
growth of AF subunits [20]. Carbon will partition into the 
residual austenite after the initial AF formation during the 
holding period, and carbide precipitation from austenite will 
be inhibited. Thus, the AF transformation can be expected to 
cease when the carbon concentration in the austenite reaches 
a critical value, the magnitude of which would be near the 
T0 curve [20]. The residual austenite with a higher carbon 
content will remain stable or transform to martensite (M/A) 
during subsequent quenching. However, in the present study, 
extra attention was devoted to the morphology of untrans-
formed austenite (martensite). The results clearly indicate 
that, if the incomplete transformation phenomenon in the 
sample isothermally transformed at 550°C is mainly attrib-
uted to carbon partitioning, then the distribution of marten-

site should be dispersive rather than banded within the AF 
matrix. AF plates grow out in more random directions by 
displacive transformation and do not partition the ejected C 
atoms in the proper direction with respect to Mn-rich bands. 
Thus, the presence of Mn-rich martensite bands in the mi-
crostructure formed at 550°C suggests that carbon partition-
ing does not strongly influence the transformation stasis, al-
though untransformed austenite is associated with a some-
what higher carbon concentration. 

We hypothesize that, in comparison with carbon segrega-
tion, Mn segregation is the predominant factor governing 
the incomplete transformation phenomenon in the present 
steel. As a strong austenite stabilizer, Mn significantly re-
tards AF transformation and leads to a decrease in the start 
temperature of AF transformation (AFs) [21]. Consequently, 
the AFs of Mn-rich bands will be much lower than that of 
Mn-poor bands during the isothermal holding period. The 
lower AFs of Mn-rich bands means that austenite in 
Mn-poor regions will transform to AF but austensite in 
Mn-rich regions will be stable at 550°C, thereby resulting in 
the incomplete transformation phenomenon and the forma-
tion of martensite bands. As the temperature is decreased to 
450°C, no incomplete transformation phenomenon is ob-
served because a lower isothermal temperature is associated 
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with the greater undercooling and driving force [22], which 
permits AF to form even in Mn-rich regions. Moreover, as is 
clearly evident in Fig. 4(b), Mn not only affects the AF 
transformation kinetics, but also modifies the morphology of 
AF. For the same isothermal temperature of 450°C, the AF 
in Mn-rich bands has a finer grain size, whereas Mn-poor 
bands exhibit coarse AF grains because Mn enrichment can 
suppress the growth of AF grains. 

4.2. Effect of cooling rate on AF-containing banded 
structures 

When the cooling rates are very low (0.1–0.5°C/s), ferrite 
will preferentially form at the Mn-poor layer, which leads to 
a higher Mn concentration in pearlite. Moreover, the addi-
tion of Mn can cause a shift of ferrite/pearlite-forming tem-
peratures to the right side in the CCT diagram; thus, AF 
transformation is expanded to lower cooling rates in 
Mn-rich regions. This phenomenon explains the observa-
tions of specimens cooled at 1–2°C/s, where Mn-poor bands 
were observed to correspond to ferrite and Mn-rich bands 
were observed to correspond to AF. Furthermore, banded 
structures at a cooling rate of 2°C/s become less severe be-
cause of the higher cooling rate. Many previous studies have 
reported that a greater cooling rate can suppress the forma-
tion of band-like ferrite because accelerated cooling can 
cause less difference in the Ar3 temperature and in the ferrite 
nucleation rate between Mn-rich and Mn-poor bands [10]. 

At cooling rates greater than 4°C/s, the formation of fer-
rite is totally suppressed. According to the CCT diagram, 
AF and martensite will exist together in the microstructure 
over a wide range of cooling rates: from 4 to 50°C/s. We 
observed that the amount of AF in Mn-poor bands is greater 
than that in Mn-rich bands. AF is known to intragranularly 
nucleate at inclusions within the austenite grains [18]. The 
lath-like AF that forms at higher temperatures divides the 
prior austenite into smaller regions. Subsequently, marten-
site will be restricted to form with decreasing temperature in 
these areas; i.e., the prior formed AF grains can stop the 
growth of martensite packets in the subsequent stage [23]. 
Therefore, for a given cooling rate, less AF is formed in 
Mn-rich bands because an increase in the Mn concentration 
reduces the formation temperature of AF and its growth rate, 
thereby inhibiting AF formation. Mn enrichment can also 
promote the formation of martensite, and vice versa [22,24], 
as schematically illustrated in Fig. 10. 

In addition to the Mn content, AF formation also depends 
on the cooling rate [25]. Fig. 11 shows the fractions of AF 
and martensite as a function of temperature with different 
cooling rates (4–100°C/s). With an increase in cooling rate, 

the start temperature of AF transformation (AFs) apparently 
decreases and less AF is formed. The optimum cooling rate 
to form AF is 4°C/s, above which AF formation is sup-
pressed by the increased rate because of the larger driving 
force for AF transformation at high rates. Thus, the acceler-
ated cooling rate promotes the martensite transformation 
and enhances the hardenability. Moreover, the increased 
cooling rate can lead to a less distinct banded structure, as 
shown in Fig. 9(b). The accelerated cooling causing a less 
difference in AF nucleation rate in both segregated bands is 
reasonable. When the cooling rate is higher, the effect of Mn 
concentration on AF nucleation starts to decrease, and the 
AF fraction in Mn-rich and Mn-poor regions becomes simi-
lar. Eventually, when the cooling rate is sufficiently high 
(100°C/s) to entirely inhibit AF formation in both Mn-rich 
and Mn-poor bands, the underlying pattern of segregation 
can be hidden behind a uniform martensite structure. 

 
Fig. 10.  Schematic showing the formation mechanism of AF 
and martensite in segregated bands (less AF is formed in 
Mn-rich bands). 

 
Fig. 11.  Obtained fractions of AF and martensite as a func-
tion of temperature for specimens with different cooling rates 
(martensite transformation is indicated by circles). 

5. Conclusions 

(1) For the isothermal transformation process, the speci-
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men isothermed at 550°C exhibited a banded structure of 
AF and martensite because of the retardation of the AF 
transformation in Mn-rich bands. The specimen isothermed 
at 450°C was composed of single AF because a lower iso-
thermal temperature is associated with a larger driving force, 
which permits AF to form even in Mn-rich regions. 

(2) With respect to the continuous cooling process, the 
specimens cooled at rates from 4 to 50°C/s contained a 
mixture of AF and martensite in both segregated bands. For 
a given cooling rate, the martensite fraction in Mn-rich bands 
was always higher than that in Mn-poor bands because of 
the inhibiting effect of Mn enrichment on the AF formation. 

(3) Increased cooling rates resulted in a less distinct 
AF-containing banded structure because accelerated cooling 
cause a smaller difference between AF nucleation rates in 
Mn-rich and Mn-poor bands. 
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