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It is well-known that grain refinement is one of the most effective ways to improve strength
of metals without addition of alloying elements. In order to obtain bulky metals having
ultrafine grained (UFG) microstructures with average grain sizes smaller than 1 μm, severe
plastic deformation (SPD) processes have made a great success. However, there are still
big barriers to realize UFG metallic materials, especially UFG steels, in large scale
industries, since severe plastic deformation processes usually need special techniques
and equipment, and large deformation forces are required for heavy plastic deformations.
Cyclic heat treatments to repeat martensitic transformation and austenitization have been
known as a simple way to fabricate fine-grained austenitic structures in steels. In the
present study, we tried to make final ferrite microstructures ultrafine in a low-C steel by
means of the cyclic heat treatment. Evolution of microstructures during the cyclic heat
treatment was systematically investigated, putting stress on the change of grain sizes of
austenite and ferrite. The austenite grain size decreased with increasing the number of heat
treatment cycles, and the minimum average austenite grain size obtained was 11 μm. By
having furnace-cooling from austenite states with various grain sizes, ferrite
microstructures with different mean grain sizes were fabricated. We could successfully
obtain a fine-grained ferrite structure with a mean grain size of 4.5 μm and nearly a random
texture through the heat treatment without deformation. Microstructural features and
mechanical properties of the obtained fine-grained ferritic structures were investigated by
scanning electron microscope/electron back-scattering diffraction measurements and a
tensile test at room temperature. The specimens with ferrite + pearlite microstructure with
the smallest average ferrite grain size of 4.5 μmmanaged both high strength (yield strength
of 375 MPa and tensile strength of 500 MPa) and large tensile ductility (uniform elongation
of 20% and total elongation of 39%) in the simple 2Mn-0.1C steel.
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INTRODUCTION

Almost all the metallic materials used for practical applications
are polycrystalline materials composed of a number of grains. It
has been known that the grain size of polycrystalline metals
affects their strength, according to the well-known Hall-Petch
relationship (Hall, 1951; Petch, 1953), expressed as:

σy � σ0 + kyd
−12

where σy is the yield strength of the polycrystalline metal, σ0 the
friction stress (a constant), ky the Hall-Petch constant and d the
mean grain size. According to the Hall-Petch relationship, it is
expected to achieve high strength in metallic materials by
decreasing the grain size. However, the minimum mean grain
sizes in commercial metals having bulky dimensions have been
around 10 μm by now. For obtaining bulky materials with much
finer grains, a variety of efforts have been made for a long time.
Severe plastic deformation (SPD) is known as one of the
promising methods for achieving ultrafine grain sizes smaller
than 1 μm, through accumulating lattice defects in materials by
applying extremely large plastic deformation (Stolyarov et al.,
2001; Tsuji et al., 2002; Son et al., 2005; Azushima et al., 2008;
Okayasu et al., 2008; Tsuji et al., 2008; Calcagnotto et al., 2010;
Mohamed et al., 2015; Amani et al., 2017). However, most SPD
processes do not seem applicable to practical manufacturing in
large scales, due to their complicated procedures, limited
dimensions of specimens and huge metal-working forces
required. Indeed, even in the laboratory scale, SPD processes
are mostly applicable to easily deformable materials such as non-
ferrous metals (aluminum or copper) or ultra-low carbon
interstitial-free steels due to a limited working force in
machines or fracture of materials happening during the
processes. Consequently, grain refinement of metals having
higher strengths (e.g., steels) still relies on conventional heavy
deformation plus subsequent annealing or by thermo-
mechanically controlled processes (Okitsu et al., 2009; Tsuji
et al., 2019). On the other hand, an alternative way utilizing
cyclic transformation between martensite and austenite was
established by Grange to make austenite grain sizes in steels
smaller than 1–2 μm without deformation (Grange, 1971).
Shibata et al. (2013) used the cyclic heat treatment for refining
austenite grain sizes in medium carbon steels and could obtain
the austenite grain size of 4.5 and 2.4 μm in a 0.44C-0.86Mn (mass
%) steel and a 0.46C-0.84Mn-0.3V steel, respectively. Furuhara
et al. (2008) used a cyclic heat treatment followed by air-cooling
and reported that fine-grained ferrite having a grain size of 2.2 μm
was successfully obtained in a medium-carbon steel with a
chemical composition of Fe-0.35C-1.05Cr-0.17Mo (in mass%).
Although fine grained microstructures have been successfully
obtained in medium carbon steels by the cyclic heat treatments,
there are few studies on microstructure refinement in low-carbon
steels with ∼0.1 mass% C contents by such cyclic processes,
probably due to their higher Ae3 temperatures. The relatively
high Ae3 temperatures of low-carbon steels easily enhance grain
growth of austenite, which may also cancel out the grain
refinement effect in cyclic heat treatments. The low

hardenability of low-carbon steels might be another barrier to
obtain fully martensitic structures especially from refined
austenite having a high density of nucleation sites
(i.e., austenite grain boundaries) for ferrite transformation
during cooling. However, low-C steels are widely used for
practical applications, for example in the automobile industries
where further strengthening of steels is required in recent years.
In the present study, we investigate the possibility of grain
refinement of austenite and ferrite microstructures in a low-
carbon steel by a simple cyclic heat treatment without plastic
deformation. Microstructure evolution during the cyclic heat
treatment is systematically observed, and mechanical
properties of the obtained low-C steel with fine-grained
microstructures are compared with those of coarse-grained
counterparts.

EXPERIMENTAL PROCEDURE

Materials and Process
The material used in the present study is a 2Mn-0.1C (mass%)
steel, of which detailed chemical composition is shown inTable 1.
Sheets of the 2Mn-0.1C steel having a dimension of 15 mm in
length, 7 mm in width and 1 mm in thickness were provided to
the following heat treatments for changing grain sizes of austenite
and ferrite. In order to determine austenitizing heat treatment
temperature of the present steel, Ae3 temperature, at which
austenite-to-ferrite phase transformation occurs in equilibrium,
was calculated to be 804°C by the use of Thermo-Calc software.
Figure 1 shows two types of heat treatment routes to obtain
martensite microstructures with different grain sizes [route (A)]
and ferrite + pearlite (F + P) microstructures with different ferrite
grain sizes [route (B)]. In the route (A), in order to obtain
different austenite grain sizes, austenitizing heat treatments
were conducted at various temperatures ranging from 1,100 to
830°C for 6 h using a vacuum furnace, followed by water-
quenching (W.Q.). In addition, using the obtained specimens
austenitized at 950 or 830°C for 6 h and water-quenched, the heat
treatment at 810°C for 3 min (for austenitization) and subsequent
water-quenching were repeated up to four cycles using a salt bath,
for obtaining finer austenite grain sizes. The austenitizing
temperature in the cyclic heat treatment (810°C) was set to be
just above the Ae3 temperature of the present steel. All final
specimens obtained in the route (A) had fully martensitic
microstructures at room temperature. In the route (B), the
austenitizing heat treatment at temperatures ranging from
1,100 to 830°C for 6 h was carried out again, but then furnace-
cooling at a slow cooling rate of 1°C s−1 was conducted after the
austenitization to obtain F + P structures having different ferrite
grain sizes. Specimens austenitized at 830°C and water-quenched
were provided to the cyclic heat treatment. In the cyclic heat

TABLE 1 | Chemical composition of the 2Mn-0.1C steel studied. (mass%)

C Mn Si P S Fe

0.103 2.00 0.01 <0.002 0.0008 Bal.
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treatment at 810°C for 3 min, the specimens were air-cooled only
after the last (the fourth) austenitizaition at 810°C in order to
obtain F + P microstructures with finer ferrite grain sizes.

Microstructure Observation
For microstructure observations, specimens were mechanically
polished by emery paper (#120–4000), and then electrically
polished in a solution of 10 vol% of HClO4 and 90 vol% of
CH3COOH with a voltage of 22 V for 30 s at room temperature.
Microstructural and crystallographic features of the martensite
and F + P microstructures were characterized by using a field-
emission scanning electron microscope (FE-SEM, JSM-7100F,
JEOL) equipped with an electron back-scattering diffraction
(EBSD) system operated at an accelerating voltage of 15 kV.
The EBSD orientation mapping and analysis by OIM
(Orientation Imaging Microscopy) system were performed to
characterize grain boundaries and textures in the microstructures.
For the precise EBSD measurement of martensite structures, we
examined sufficiently wide regions of about 300 μm × 900 with small
step sizes of 0.42–0.27 μm. In the EBSD measurement of the F + P
structures, different sizes of region ranging from about 900 μm ×
2,700 μm–300 μm × 900 μm and different step sizes ranging from
0.88 to 0.28 μm were used depending on their ferrite grain size. For
the martensitic microstructures, prior austenite grain boundaries
were identified by morphological features of martensite observed on
EBSD image quality (IQ) maps and crystallographic characteristics
based on Kurdjumov-Sachs (K-S) orientation relationship between
austenite and martensite. Average prior-austenite grain sizes in the

martensite microstructures and ferrite grain sizes in the F + P
microstructures were measured by a linear interception method
on EBSD grain boundarymaps. Average block size (thickness) in the
martensite structures was also measured based on EBSD orientation
color maps because the blocks were the aggregates of laths having
nearly the same orientation (nearly the same color on EBSD
orientation color maps).

Tensile Tests
In order to evaluate mechanical properties of the F + P
microstructures having different ferrite grain sizes, uniaxial
tensile tests were carried out at room temperature at an initial
strain rate of 8.3 × 10–4 s−1 by the use of a universal tensile testing
machine (AG-100kN X plus, Shimadzu). Tensile specimens with
a gauge length of 10 mm, width of 5 mm and thickness of 1 mm
were cut from the heat-treated samples by an electrical discharge
cutting machine. An extensometer was attached on the tensile
specimen for precisely measuring displacement (and then tensile
strains) of the gauge part of the tensile specimen during tensile
testing.

RESULTS AND DISCUSSION

Grain Refinement of Austenite
Figure 2 shows EBSD orientation color maps of the martensite
structure obtained from the austenitizing heat treatment at (A)
1,100°C, (B) 950°C, (C) 900°C, and (D) 830°C for 6 h followed by

FIGURE 1 | Schematic representations showing the heat treatment routes to obtain austenite microstructures with different grain sizes [route (A)] and ferrite +
pearlite (F + P) microstructures with different ferrite grain sizes [route (B)] in the 2Mn-0.1C steel. In the route (A), final microstructures at room temperature were
martensite.
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water-quenching, with respect to the route (A) illustrated in
Figure 1. Colors in the EBSD maps indicate crystallographic
orientations perpendicular to the observed sections, according to
the key stereographic triangle shown in Figure 2. It was
confirmed that all the specimens had fully martensitic
microstructures of typical lath martensite consisting of lathes
(single crystals of martensite), blocks (aggregates of laths with
nearly the same orientation, thus units showing the same colors
on EBSD orientation maps), packets (aggregates of blocks with
the same habit plane), all formed within each prior-austenite
grain. It is known that prior-austenite grain boundaries are
preserved in martensitic transformation, since martensite
crystals do not grow over prior-austenite grain boundaries.
Therefore, prior-austenite grain sizes could be identified even
on fully martensitic microstructures like Figure 2. The average
prior austenite grain sizes with standard deviations of the
specimens austenitized at (A) 1,100°C, (B) 950°C, (C) 900°C,
and (D) 830°C were 475 ± 63.4 μm, 244 ± 34.5 μm, 78.4 ± 11.1 ,
28.6 ± 3.8 μm, respectively. The austenite grain size decreased
with decreasing the austenitization temperature, as shown in
Figure 3. It was found from Figure 2 that the martensite
structures austenitized at lower temperatures showed finer
blocks. The average block sizes with standard deviations in the
specimens austenitized at (A) 1,100°C, (B) 950°C, (C) 900°C, and

(D) 830°C were 18.1 ± 1.91 μm, 16.5 ± 2.79 μm, 13.0 ± 2.43 μm,
6.6 ± 1.21 μm, respectively.

The minimum austenite grain size obtained from the simple
austenitization heat treatment at different temperatures was
28.6 μm, as was mentioned above. In order to obtain
furthermore refined austenite grains, the cyclic heat treatment
mentioned above was carried out. The cyclic heat treatment (the
route (A) in Figure 1) was applied to the specimens austenitized
at 950°C or 830°C and water-quenched (corresponding to Figures
2B,D, respectively). The austenite grain sizes of the starting
specimens austenitized at 950 and 830°C were 244 μm
[(Figure 2B) and 28.6 μm (Figure 2D)], respectively. Figures
4A,B display EBSD orientation maps of the specimens after each
cycle of the repetitive heat treatment at 810°C for 3 min followed
by water-quenching. The rows of maps (A) and (B) in Figure 4
correspond to the starting martensite-structured specimens
austenitized at 950°C and 830°C, respectively, and water-
quenched. Figures 4A,B indicate that the austenite grain size
decreased with increasing the number of the cyclic heat
treatment. The change in the austenite grain size in the cyclic
heat treatment is summarized in Figure 4C. In case of the starting
specimen austenitized at 950°C, the austenite grain size was
significantly refined from 244 to 36.0 μm by the one cycle of
the heat treatment. Then, the austenite grain size gradually (but
not so greatly) decreased with increasing the number of the heat
treatment cycle. For the specimen austenitized at 830°C that
already had a relatively fine austenite grain size (28.6 μm), the
change of the austenite grain size was not significant but the grain
size gradually decreased with the progress of the cyclic heat
treatment. After fourth cycle, the austenite grain size of the
specimens austenitized at 950 and 830°C plus water-quenched
was 11.9 and 11.1 μm, respectively. It was confirmed by the
experiments that the cyclic heat treatment could refine the
austenite grain size down to about 11 μm in the low-C steel.

FIGURE 2 | EBSD orientation color maps of the martensite
microstructures of the specimens austenitized at (A) 1,100°C, (B) 950°C, (C)
900°C, and (D) 830°C and then water-quenched. Colors in the color maps
indicate crystallographic orientations perpendicular to the observed
sections, according to the key stereographic triangle shown in the figure.

FIGURE 3 | Austenite grain sizes in the specimens simply austenitized
and water-quenched, plotted as a function of the austenitizing temperatures.
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Based on the results shown in Figure 4, the process of austenite
grain refinement in the cyclic heat treatment is schematically
illustrated in Figure 5. It is known that the lath martensite in
carbon steels contains high density of dislocations and high-angle
grain boundaries, i.e., block-boundaries, packet-boundaries, and
prior-austenite grain boundaries (Figure 5A) (Morito et al.,
2006). These lattice defects can act as nucleation sites of
austenite upon heating up to a temperature above Ae3.
Especially, triple junctions of such grain boundaries would be
the most preferable nucleation sites of austenite (Figure 5B).
Because of the high density of austenite nucleation sites in the lath
martensite, the austenite grain size could be significantly refined
by the first cycle of the heat treatment (Figure 5C), as was
observed in Figure 4C. The martensite microstructure
transformed from such refined austenite become finer than the
initial martensite microstructure (Figure 5D), and provide more
nucleation sites for austenite in the next cycle of the heat

treatment. This is the reason why the austenite grain size
gradually decreased by the cyclic heat treatment.

Grain Refinement of Ferrite + Pearlite
Microstructures
In the previous section, it was shown that the austenite grain size
of the low-C steel could be refined down to 11 μm by the simple
cyclic heat treatment without plastic deformation. When ferritic
transformation happens from austenite, preferential nucleation
sites for ferrite would be grain boundaries of austenite (Furuhara
et al., 2003; Yin et al., 2017). Thus, the grain refinement of ferrite
is expected when the austenite grain size is refined. We
investigated the grain refinement of ferrite by the use of the
route (B) heat treatment illustrated in Figure 1 where furnace-
cooling or air-cooling was applied after the final austenitization in
the route (A) heat treatment. Figure 6 exhibits EBSD orientation

FIGURE 4 | EBSD orientation color maps of the specimens after each cycle of the cyclic heat treatment at 810°C for 3 min followed by water-quenching. Two kinds
of starting specimens austenitized at (A) 950°C or (B) 830°C and then water-quenchedwere provided to the cyclic heat treatment. (C)Changes of the austenite grain size
during the cyclic heat treatment at 810°C.
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color maps and corresponding 001 pole figures of the specimens
obtained by route (B) heat treatment. Figures 6A–D correspond
to the specimens simply austenitized at different temperatures,
i.e., (A) 1,100°C, (B) 950°C, (C) 900°C, and (D) 830°C for 6 h
followed by furnace-cooling. All the specimens showed ferrite +
pearlite (F + P) microstructures, although the area fraction of
pearlite in this low-C steel with 0.1%C was relatively small
(∼20%). The average ferrite grain sizes measured from EBSD
maps were 89.9 ± 20.9 μm, 47.5 ± 13.0 μm, 22.1 ± 2.4 μm, and

10.3 ± 2.0 μm in the specimens austenitized at (A) 1,100°C, (B)
950°C, (C) 900°C, and (D) 830°C, respectively. With decreasing
the austenitization temperature, i.e., with decreasing the prior
austenite grain size as was shown in the former section, the ferrite
grain size monotonously decreased. Further grain refinement was
tried by adopting air-cooling after the final austenitization in the
cyclic heat treatment. Figure 6E shows the specimen cyclically
heat-treated at 810 °C for 3 min up to four cycles, followed by air-
cooling. As was shown in the former section, the cyclic heat
treatment could reduce the austenite grain size down to 11.1 μm.
After this heat treatment without plastic deformation, the finest
average ferrite grain size of 4.5 μm was achieved. It was found
from the 011 pole figures shown in Figure 6 that the ferrite
microstructures had weak textures. Although the coarse-grained
specimen with the ferrite grain size of 89.9 μm (Figure 6A)
showed some strong intensities in the pole figure, it was
probably because the number of grains (nG) included in the
observed area was too small (nG � 27) to obtain statistically
reliable texture data, compared to other specimens having average
ferrite grain sizes of 47.5 μm (Figure 6B; nG ∼ 96), 22.1 μm [(C);
nG ∼ 170], 10.3 μm [(D); nG ∼ 270] and 4.5 μm [(E); nG ∼ 7,700].
Considering that conventional thermomechanical processing
involving plastic working used to result in more or less
textured materials, it is noteworthy that the specimens having
finer ferrite grain sizes showed nearly random texture and it is
generally difficult to obtain fine-grained ferrite microstructures
with random texture in steels. Figure 7 shows the relationship
between the average ferrite grain size obtained and the grain size
of the prior-austenite from which ferrite formed. The ferrite grain

FIGURE 5 | Schematic illustrations showing the process of austenite
grain refinement in the cyclic heat treatment.

FIGURE 6 | EBSD orientation color maps and corresponding 001 pole figures of the specimens simply austenitized at (A) 1,100°C, (B) 950°C, (C) 900°C, and (D)
830°C for 6 h followed by furnace-cooling, and the specimen (E) cyclic heat-treated at 810°C up to four cycles followed by air-cooling.
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size monotonously decreased with decreasing the prior-austenite
grain size. It is noteworthy that the ferrite grain size became
always finer than the prior-austenite grain size.

We also studied features of pearlite in the F + P specimens
furnace-cooled or air-cooled after the austenitization in the route
(B) process shown in Figure 1. Figure 8 represents SEM images of
the specimenswith F + Pmicrostructures simply austenitized at (A,
D) 950°C or (B, E) 830°C followed by furnace-cooling, and (C, F)
the specimen cyclically heat-treated at 810°C up to four cycles
followed by air-cooling. In the lower magnification images shown
in Figures 8A–C, proeutectoid ferrite (F) having dark contrast and
pearlite (P) having bright contrast composed of ferrite and
cementite (Fe3C, θ) with typical eutectoid lamellar structures
were clearly observed. The area fractions of pearlite observed in
the specimens austenitized at 950°C, 830°C and cyclically heat-
treated at 810°C were 20.3, 22.0, and 17.5%, respectively. The
pearlite exhibited the block structures, each of which should have
the same ferrite orientation (Takahashi et al., 1978). The size of
pearlite blocks decreased with decreasing the austenitization
temperature, i.e., the prior-austenite grain size. SEM images in
higher magnifications are shown in Figures 8D–F. In the
specimens transformed from austenite with the mean grain size
of 244 and 28.6 μm (Figures 8D,E, respectively), the pearlite colony
having an identical direction of lamellae (Takahashi et al., 1978;
Nakada et al., 2009) could be clearly recognized. The size of pearlite
colonies was found to become smaller with decreasing the prior-

FIGURE 7 | Relationship between the average ferrite grain size (dα) and
the average prior-austenite grain size (dα) in the specimen shown in Figure 6.

FIGURE 8 | SEM microstructures of the specimens with ferrite + pearlite (F + P) microstructures simply austenitized at (A, D) 950°C or (B, E) 830°C followed by
furnace-cooling, and (C, F) the F + P specimen cyclic heat-treated at 810°C up to four cycles followed by air-cooling. (A–C) lower magnification images, and (D–F) higher
magnification images.
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austenite grain size. On the other hand, the specimen
transformed from the fine-grained austenite with the mean
austenite grain size of 11.1 μm showed a pearlite structure
having significantly different morphology (Figures 8C,F).
Instead of the typical lamellar pearlite, the specimen showed
the pearlite structures composed of fragmented cementite
dispersed in ferrite, as was indicated by the arrow in
Figure 8F. Shibata et al. (2013) also observed such a pearlite
structure in a medium-carbon steel and explained the formation
of fragmented pearlite transformed from fine-grained austenite
in the following way. When the austenite grain size is smaller,
the distance between neighboring pearlite colonies formed on
austenite grain boundaries (or triple junctions of austenite grain
boundaries) becomes shorter. High density of austenite grain
boundaries in the fine-grained microstructures act as fast paths
for diffusion. Under such a situation in the steel having fine-
grained austenite (like that dγ � 11.1 μm), the diffusion field of
carbon around neighboring pearlite colonies might be

overlapped and become more uniform. Then, ferrite and
cementite does not need to grow cooperatively and not need
to maintain typical lamellar morphology. This is considered to
be the possible reasons for the formation of the fragmented
pearlite in the F + P microstructure transformed from the fine-
grained austenite in the present low-C steel.

Mechanical Properties of Ferritic
Specimens With Different Grain Sizes
Figure 9A shows engineering stress-strain curves obtained from
the room temperature tensile tests of the specimens having F + P
microstructures with different ferrite grain sizes ranging from
47.5 to 4.5 μm. Mechanical properties obtained from the stress-
strain curves, i.e., yield strength (σY), tensile strength (σTS),
uniform elongation (eu) and total elongation (et), are
summarized in Table 2. Yield-drop was obviously recognized
in all the specimens. Thus, the lower yield stress was taken as the
yield strength (σY) of the specimens in Table 2. It was found that
the yield strength and the tensile strength increased with
decreasing the ferrite grain size. The (lower) yield strength and
tensile strength of the 4.5 μm grain-sized specimen were 375 and
500 MPa, respectively. The yield strength (σY: the lower yield
stress) and the tensile strength (σTS) of the F + P specimens were
plotted as a function of the minus square root of the average
ferrite grain size in Figure 9B. Linear relationships were found in
Figure 9B, which meant Hall-Petch relationship stood for the
yield strength and the tensile strength. After the yield-drop, the
flow stress stayed nearly constant, which corresponded to the
Lüders deformation. The yield-drop became more obvious and
the length of the flat part, i.e., the Lüders strain, increased with
decreasing the ferrite grain size. The Lüders strain in the fine-
grained F + P specimen with the ferrite grain size of 4.5 μm was
2.3%, while that in the 47.5 μm grain-sized specimen was only
0.7%. In general, Lüders deformation can be understood in terms
of Cottrell atmosphere in carbon steels (Cottrell and Bilby, 1949).
One possible explanation for the large Lüders strain of the present
fine-grained F + P specimen is an increase in yield strength by
grain refinement. Once the yielding occurs in a localized manner
within the Lüders band in the fine-grained F + P specimen, the
specimen experiences a sudden drop of external stress (i.e., yield-
drop) under the tensile deformation at a constant strain rate, as a
result of the release of dislocations from Cottrell atmosphere
within the Lüders band. For the propagation of the Lüders band,
the locally yielded region needs to be strain-hardened to
propagate into undeformed region where high stress is
required to start plastic deformation. The required strain-
hardening within the Lüders band would become higher with
decreasing the grain size due to the grain-refinement
strengthening, so that the region within the Lüders band
should be plastically deformed to higher strain. This would be
the possible reason why the fine-grained F + P specimen had a
larger Lüders strain than the coarse-grained specimens. In
ductility, on the other hand, it was noteworthy that the
uniform elongation of the specimens did not change (20–22%)
in Table 2, even when the ferrite grain size decreased. Figure 10
exhibits strain hardening rate curves, together with true stress-

FIGURE 9 | (A) Engineering stress-strain curves of the F + P specimens
with different ferrite grain sizes ranging from 47.5 to 4.5 μm. (B) The yield
strength (σY: the lower yield stress) and the tensile strength (σTS) of the F + P
specimens plotted as a function of the minus square root of the average
ferrite grain size (Hall-Petch plots).
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true strain curves of the F + P specimens with different ferrite
grain sizes ranging from 47.5 to 4.5 μm. It was found that the
fine-grained F + P specimen (4.5 μm) showed slightly larger
strain hardening rate than other coarse-grained specimens until
the true strain of about 0.17. This result suggested that the
strain-hardening was not inhibited in the fine-grained
specimen, although the flow stress level fairly increased by
the grain refinement. The total elongation of the fine-grained
specimen (ferrite grain size of 4.5 μm) was smaller than other
specimens, but still showed a fairly large value of 39%. It is
concluded that a very fine ferrite grain size of 4.5 μm could be
obtained only by the cyclic heat treatment without plastic
working, and the fine-grained F + P specimen obtained
showed good mechanical properties maintaining high tensile
strength of 500 MPa and fairly large tensile elongation of 39% in
the simple 2Mn-0.1C steel. The present study could show a
possibility of grain refinement of ferritic structures down to
about 4 μm in low-C steels by a simple processing without
deformation. The yield strength of 375 MPa and the tensile
strength of 500 MPa are attractive in low-C steels with simple
ferrite microstructures, which cannot be obtained in

conventionally coarse-grained ferritic microstructures with
grain sizes larger than 10 μm, as was shown in Figure 9. The
nearly random texture obtained in the present fine-grained
ferritic steel would be also advantageous for avoiding
anisotropic deformation in sheet forming. Additionally, the
grain refinement would widen a possibility of further
microstructural control using the fine-grained ferrite as a
starting microstructure. In fact, we have succeeded in
realizing fine-grained dual-phase steels composed of ferrite
and martensite with superior mechanical properties
compared with conventionally coarse-grained dual-phase
steels, which will be shown in our next paper.

CONCLUSION

In the present study, the possibility of grain refinement of
austenite and ferrite in a low-carbon (2Mn-0.1C) steel was
investigated by the use of by a simple cyclic heat treatment
without plastic working. Microstructure evolution in the low-C
steel during the cyclic heat treatment was systematically
characterized, and mechanical properties of the obtained
specimens were compared. The main results obtained are as
follows:

(1) The average austenite grain size decreased with decreasing
the austenitization temperature in the simple austenitization
and water-quenching heat treatments. The minimum
austenite grain size obtained by the simple heat treatment
was 28.6 μm in the specimen austenitized at 830°C. Further
refinement of austenite down to average grain size of 11 μm
could be achieved in the 2Mn-0.1C steel by the cyclic heat
treatment repeating austenitization from martensite
microstructure at 810°C for 3 min.

(2) The ferrite + pearlite (F + P) structures having different
average ferrite grain sizes were obtained by furnace- or air-
cooling from the austenite state with different austenite grain
sizes. The average ferrite grain size of the F + P
microstructures decreased with decreasing the prior-
austenite grain size. The finest ferrite grain size of 4.5 μm
could be obtained by air-cooling of the specimen with the
mean prior-austenite grain size of 11 μm processed by the
cyclic heat treatment up to four cycles. The fine-grained
specimen with the mean ferrite grain size of 4.5 μm

TABLE 2 | Mechanical properties of the specimens having ferrite and pearlite (F + P) microstructures with different ferrite grain sizes, obtained by the tensile tests at room
temperature.

Heat treatment
condition

Mean ferrite
grain size,

dF/μm

Yield strength,
σY/MPa

Tensile strength,
σTS/MPa

Uniform elongation, eu Total elongation, et

950℃-6 h + F.C. 47.5 210 401 0.21 0.46
900℃-6 h + F.C. 22.1 251 407 0.21 0.44
830℃-6 h + F.C. 10.3 281 430 0.22 0.46
830℃-6 h + W.Q. and 810℃-3 min × 4 + A.C. 4.5 375 500 0.20 0.39

The lower yield strength after yield-drop was taken as the yield strength.

FIGURE 10 | Strain hardening rate curves and true stress-true strain
curves of the F + P specimens with different ferrite grain sizes ranging from
47.5 to 4.5 μm.
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transformed from the fine-grained austenite did not show
typical pearlite structures with lamellar morphologies, but
exhibited fragmented cementite dispersing in the ferrite
matrix. The formation of such a fragmented pearlite could
be understood in terms of the increased density of nucleation
sites (austenite grain boundaries) of pearlite and overlapped
diffusion field of carbon atoms.

(3) Mechanical properties of the F + P structures having different
ferrite grain sizes were evaluated by tensile tests at room
temperature. All the specimens showed a yield-drop followed
by Lüders deformation, but the yield-drop became clearer
and the Lüders strain was larger in the F + P specimens with
the finer ferrite grain size. The yield and tensile strengths
increased with decreasing the ferrite grain size, and the
strengths held Hall-Petch relationships. The fine-grained F
+ P specimen with a ferrite grain size of 4.5 μm fabricated by
the cyclic heat treatment showed the yield strength of
375 MPa and tensile strength of 500 MPa. In spite of the
higher strength, the 4.5 μm grain-sized specimen showed the
same uniform elongation of ∼20% as the coarse-grained
specimens, which suggested that the fine-grained specimen
maintained good strain-hardening ability.
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