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Abstract: In this study, the changes in the microstructure and mechanical properties during isother-
mal heat treatment of cast steel before and after hot deformation were investigated using medium-
carbon steel with low alloy content. The microstructural characteristics of the cast and hot-rolled
medium-carbon steel under isothermal heat-treatment conditions were examined using optical mi-
croscopy and scanning electron microscopy in conjunction with electron backscatter diffraction. The
variation in the mechanical properties was evaluated using Rockwell hardness and tensile tests. After
maintaining an austenitizing condition at 1200 ◦C for 30 min, an isothermal heat treatment was
performed in the range 350–500 ◦C, followed by rapid cooling with water. Both the cast steel and
hot-rolled steel did not completely transform into bainitic ferrite during isothermal heat treatment.
The partially untransformed microstructure was a mixture of martensite and acicular ferrite. At
500 ◦C, the prior austenite phase changed to Widmanstätten ferrite and pearlite. At 450 ◦C, bainitic
ferrite and cementite were coarsened by the coalescence of ferrite and subsequent diffusive growth.
The mechanical properties increased as the isothermal heat-treatment temperature decreased, and
the hardness of the cast steel was generally higher than that of the hot-rolled steel. Hardness and
strength showed similar trends, and overall mechanical properties tend to decrease as the isothermal
heat-treatment temperature increases, but there are slight differences depending on complex factors
such as various phase fractions and grain size.

Keywords: medium-carbon low-alloy steel; isothermal heat treatment; phase fraction; bainite;
degenerated upper bainite; bainitic ferrite; multiphase steel

1. Introduction

In general, steel needs to be of high strength with a light weight for automobiles
and with durability for civil engineering applications, machinery, and building structures.
In particular, in the era of carbon neutrality, the features of materials have become more
critical to their applications. Bainitic steels are typically used in applications that require
high strength and wear resistance combined with good toughness. When choosing the
optimal material for a particular component, geometric constraints and desired properties
are the determining factors. Alloys should have features such as the desired hardenability,
economic feasibility, and resistance to unwanted phase formation, which can lead to poor
mechanical properties or thermal cracking [1].

The entire scope and mechanisms of bainite formation and the structures controlling
its mechanical properties are not fully understood. Several studies have been conducted
on the contribution of various bainite microstructures to the mechanical properties [2–7].

Next-generation steels require both high strength and toughness along with mi-
crostructural control; that is, phase partitioning between martensite and bainitic ferrite. In
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general, steels with a bainitic structure are controllable by limiting the carbon content up to
1.0 wt% by lowering the Ms transformation temperature [8].

Considering that high carbon content typically increases the deformation time and
reduces weldability and impact toughness, the optimum carbon content in bainitic steel
is a critical issue [9]. Because bainite formation [10] is a function of the transformation
temperature, it is thought to play an important role in controlling the mechanical properties
of steel. Tomita et al. [11,12] reported that lower bainite, which appears as needles and
splits the prior austenite grains, has excellent mechanical properties, while upper bainite,
which appears as a lump filling the prior austenite grains, has poor mechanical properties.
Rao et al. [13] found that the impact toughness of high-strength low-alloy steels with a
mixed microstructure of upper bainite and martensite was clearly increased without a
reduction in strength.

Nevertheless, the increasingly poor use environment of steel requires improvement
of the surface performance. In general, induction hardening, carburizing heat treatment,
and nitriding heat treatment are applied to improve surface mechanical properties. Such
surface treatment is good for abrasion resistance by increasing the hardness and strength
of the surface. However, low elongation is not good for impact strength and the lifetimes
are rather reduced. If the surface is applied plastic processing, the elongation and impact
strength of the surface can be improved. Even low deformation at the surface has various
effects on the internal microstructure and mechanical properties. Therefore, we are inter-
ested in the change in microstructure and mechanical properties not only in cast steel but
also in a state with low deformation.

The current study evaluated the mechanical properties of medium-carbon low-alloy
steel with respect to microstructure under low deformation and cast steels. Whereas
conventional alloy steel is used for rolled and forged parts, cast steel is used in construction
machinery and the mining industries. The relationship between the microstructure of the
bainitic ferrite phase and the mechanical properties combined with various phase changes
under isothermal heat treatment were investigated.

2. Materials and Methods

Table 1 shows the chemical composition of the medium-carbon low-alloy steel used
in this study. The low-alloy steel was melted using a high-frequency induction melting
furnace with a capacity of 10 kg. To remove impurities, a coagulant was used, and a small
amount of Al was added to control the oxides. The ingot fabricated by Y-block sand casting
was cut in half, one part was hot rolled, and the rest was heat treated. The reheating
temperature of hot rolling was 1000 ◦C and the rolling temperature was 750 ◦C. A total of
3 passes were rolled, the thickness was 8 mm, and the reduction ratio was 30%. The size
of the specimen is 20 mm × 125 mm × 12T for cast steel and 25 mm × 150 mm × 8T for
hot-rolled steel.

Table 1. Chemical composition of the alloy steel (wt%).

C Si Mn P S Cr Ni Cu Al Mo Ti V Nb

0.314 0.539 1.321 0.019 0.011 0.515 0.252 0.084 0.028 0.028 0.002 0.006 0.015

The prepared samples were homogenized at 1200 ◦C for 4 h and quenched in water.
To measure the variation in sample temperature during the heat treatment, a K-type
thermocouple was spot welded to the center of the sample and connected to a recorder (GR-
3500, Keyence, Osaka, Japan). The sample was heat treated under austenitizing conditions
(1200 ◦C for 30 min) and then transferred directly to a salt bath for further isothermal heat
treatment at 350–500 ◦C for 240 min. Nitrate was used as the salt in the salt bath, and after
heat treatment, the sample was quenched in water. The isothermal heat-treatment process
is illustrated in Figure 1. In the longitudinal direction of the isothermally heat-treated
sample, 35 mm was used for microstructural analysis and surface hardness measurements,
while the remaining 90 mm was used for tensile tests.
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Figure 1. Schematic of the isothermal heat-treatment process.

Time-temperature-transformation (TTT) and continuous-cooling-transformation (CCT)
diagrams were calculated using JMatPro software (Ver. 7) for detailed analysis of mi-
crostructural development after the various isothermal heat treatments. The samples
for microstructural investigation were mechanically ground with sandpaper from #400
to #2000 and finally polished with 1 µm diamond paste. To reveal the microstructure,
the samples were etched in 4% Picral (picric acid + ethanol) and LePera (Na2S2O5 + DI
water + picric acid + ethanol) etchants. The microstructure was investigated using opti-
cal microscopy (VHX-7000, Keyence, Osaka, Japan) and field-emission scanning electron
microscopy (FE-SEM; SU5000, Hitachi, Japan). Electron backscatter diffraction (EBSD)
analysis was performed to analyze the complex-shaped bainite-based microstructure. The
EBSD specimens were mechanically polished and then electropolished using a spray-type
electropolishing machine with 92% acetic acid and 8% perchloric acid. For performing
EBSD analysis, the field-emission scanning electron microscope was used at an accelerating
voltage, focal length, and step size of 30 kV, 10 mm, and 1.0 µm, respectively. EBSD analysis
was performed in a FE-SEM and crystal orientation analysis was performed by EDAX
(Ametek, PA, USA) in which orientation imaging microscopy (OIM) software was used.
The phase fraction for each microstructure was measured by using Image-J software. The
tensile tests were conducted using a universal testing machine (UTM; AGS-X, Shimadzu,
Kyoto, Japan), for which the sample was prepared based on the ASTM E8M standard.
The hardness was measured using a Rockwell hardness tester (RMT-3, Matuszawa, Akita,
Japan) after mechanical grinding.

3. Results and Discussion
3.1. Microstructure

The CCT diagram shown in Figure 2 exhibits a C shape in the bainite region, with the
“nose” at approximately 450 ◦C. A3 and Ms temperatures were adopted from the calculated
JmatPro. Bs was formulated as follows [14]

Bs (◦C) = 656 − 57.7C − 35Mn − 75Si − 15.3Ni − 34Cr − 41.2Mo [wt%] (1)

The calculated Bs value is 532.56 ◦C, which is reasonable based on the TTT diagram.
Below Bs, the austenite phase transforms into either bainitic ferrite or acicular ferrite.
Above Bs, the austenite phase decomposes into pearlite through a diffusion mechanism.
Consequently, polygonal ferrite is not expected to form under these isothermal heat-
treatment conditions (350–500 ◦C), but bainite may form.

Reports for the past 20 years are microstructure classification methods according to
the shape of ferrite, and different researchers use different microstructure nomenclature.
Bramfitt and Speer [15] divided the microstructure that can be transformed from austenite
into polygonal ferrite, pearlite, bainite, and martensite. B1-, B2-, B3-type bainite was sub-
divided and reported according to the type and shape. In addition, ISIJ Bainite Research
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Group [16] analyzed and reported the ferrite and low-temperature transformation struc-
tures observed after continuous cooling treatment of ultra-low carbon steel with a chemical
composition of 0.004C-0.62Si-0.71Mn-0.078Ti (wt%). According to their research results,
ferrtie was classified into polygonal ferrite, quasi-polygonal ferrite, and Widmanstätten
ferrite according to the grain boundary shape. Meanwhile, Krauss and Thompson [17]
named the ferritic microstructure in low-carbon/ultra-low-carbon steel based on their
previous research results. Similar to the results of the ISIJ Bainite Research Group, ferrite is
polygonal (or equiaxed) ferrite according to the grain boundary shape and transformation
temperature, Widmanstätten ferrite, and quasi-polygonal (or massive) ferrite were named,
and the low-temperature transformation were largely classified into bainitic (or acicular)
ferrite and granular (or granular bainitic) ferrite according to their shape. Koo et al. [18]
classified and named the low-temperature transformed into granular bainite, degenerate
upper bainite, lath martensite, and lower bainite according to the shape of ferrite, the pres-
ence or absence of secondary phases, and arrangement, unlike the microstructures reported
by existing researchers. If the ferrite and low-temperature transformation phase that are
commonly distinguished by several researchers are summarized, they can be broadly clas-
sified into polygonal ferrite, quasipolygonal ferrite, granular bainitic ferrite, bainitic ferrite,
and martensite. Therefore, the microstructure of this paper was largely classified into bain-
initic ferrite, martensite, pearlite, and Widmanstätten ferrite, and acicular-shaped ferrite
that was not completely transformed from prior austenite was classified as acicular ferrite.

Figure 2. The temperature of the specimen measured during isothermal heat treatment based on the
CCT curve calculated with Jmatpro was substituted.

Figure 3 shows the results of microstructural analysis using optical microscopy. The
phases were distinguished by the colors resulting from LePera etching. Typically for the
LePera etching method [19,20], ferrite is blue/green, bainite and pearlite are brown, and
martensite is white. The classification of bainitic ferrite and perlite was judged using SEM
images. As shown in Figure 3a, the microstructure of the as-cast sample isothermally
heat treated at 350 ◦C mainly consisted of bainitic ferrite (BF), with a small portion of
acicular ferrite (AF) and martensite (M). Similarly, Figure 3b,c show the microstructures
after heat treatment at 400 and 450 ◦C, respectively, in which BF, AF, and M can be observed.
However, for the sample isothermally heat treated at 500 ◦C (Figure 3d), Widmanstätten
ferrite (WF) and pearlite (P) were observed, which is consistent with the data reported by
Bramfitt and Speer [15].

In contrast, the hot-rolled samples exhibited somewhat different results. As shown
in Figure 4, unlike the as-cast steel, the microstructure of hot-rolled sample isothermally
heat treated at 350 ◦C comprised almost BF and a small amount of AF. After annealing at
400 ◦C (Figure 4b), AF was observed in addition to BF, the same as at 350 ◦C. As shown
in Figure 4c, the hot-rolled sample isothermally heat treated at 450 ◦C contained BF, AF,
and M, similar to that in the cast steel heat treated at this temperature. In addition, for
the sample heat treated at 500 ◦C (Figure 4d), WF and P were observed. After isothermal
heat treatment, the microstructures of cast steel and hot-rolled steel were analyzed at low
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magnification on the surface, middle, and center. As a result, various phases are generally
uniformly distributed.

Figure 3. Microstructures of medium-carbon low-alloy steel isothermally heat treated for 240 min:
cast steel heat treated at (a) 350 ◦C, (b) 400 ◦C, (c) 450 ◦C, and (d) 500 ◦C.

Figure 4. Microstructures of medium-carbon low-alloy steel isothermally heat treated for 240 min:
hot-rolled steel heat treated at (a) 350 ◦C, (b) 400 ◦C, (c) 450 ◦C, and (d) 500 ◦C.
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It has long been known that the lower bainite does not form in medium-carbon steels
with a carbon content of less than 0.4 wt% [21]. During isothermal heat treatment of the
0.3 wt% carbon sample, mostly upper bainite formed rather than lower bainite. According
to the EBSD analysis, the austenite phase fraction was less than 2%. Based on these results,
it appears that there was almost no retained austenite. The reduction in the size and
fraction of retained austenite due to the reduction in the carbon content is thought to
be related to the redistribution of carbon to austenite resulting from the formation of BF.
This indicates that if the carbon content of the alloy decreases, it is very unlikely that
carbon will redistribute to the austenite phase; rather, it will mostly reside in BF. For this
reason, when the carbon content of the alloy is low, a higher fraction of BF is formed
before the carbon content of the retained austenite reaches a level at which BF formation is
thermodynamically difficult owing to shear transformation. Therefore, when the carbon
content is low, the BF phase fraction increases, and the retained austenite phase fraction
and grain size decrease [22,23].

Figures 5 and 6 shows the SEM analysis of the bainitic ferrite phase under isothermal
heat-treatment conditions. BF is typically composed of cementite and dislocation-rich
BF. The high dislocation concentration of BF increases its hardness. Cementite in bainitic
ferrite does not typically exhibit a parallel arrangement or plate form but appears as many
irregularly arranged precipitates inside small dislocation-rich ferrite grains.

Figure 5. SEM micrographs of medium-carbon low-alloy steel isothermally heat treated for 240 min:
cast steel heat treated at (a) 350 ◦C, (b) 400 ◦C, (c) 450 ◦C, and (d) 500 ◦C.

Based on the Koo et al. [18], Figures 5 and 6 appear to show mostly degenerated upper
bainite. In addition, according to Yin et al., the degenerated upper bainite forms in three
stages. The first stage is the formation of the primary ferrite plate, the second stage is
the thickening of the ferrite plate, and the last stage is the deformation of the retained
austenite band, which is initiated from the cementite [24]. In particular, the second stage
occurs through the precipitation of cementite from austenite containing excess carbon from
the primary ferritic plates. Thus, cementite can precipitate, and more ferrite forms as the
carbon content decreases [25,26]. As shown in Figures 5 and 6, the size and distribution of
BF and cementite after isothermal heat treatment at 350 and 400 ◦C were similar. When
the isothermal heat-treatment temperature was 450 ◦C, the BF and cementite sizes rapidly
increased. The observed coarsening of ferrite is considered to be caused by coalescence
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and subsequent diffusive growth [10,27]. As previously stated, coarse WF and P formed
(Figures 3 and 4) when the isothermal heat-treatment temperature was 500 ◦C. This type
of phase formation is related to the sympathetic nucleation mechanism of rod-shaped or
lath-shaped ferrite subunits [28–30].

Figure 6. SEM micrographs of medium-carbon low-alloy steel isothermally heat treated for 240 min:
hot-rolled steel heat treated at (a) 350 ◦C, (b) 400 ◦C, (c) 450 ◦C, and (d) 500 ◦C.

The phase fraction was measured by analyzing Figures 3 and 4 using an image
analysis program. Using an optical micrograph after LePera etching, the phases can be
easily distinguished by their color: white (M), brown (BF and P), and blue (AF). Figure 7
shows the measured phase fractions of the cast steel and hot-rolled steel after isothermal
heat treatment. For the cast steel, the BF phase fraction decreased, and the AF phase
fraction increased as the isothermal heat-treatment temperature increased from 350 to
450 ◦C. The M phase fraction was similar at 350 and 400 ◦C but increased sharply at 450 ◦C.
WF and P appeared at 500 ◦C, and WF was dominant. For the hot-rolled steel, the BF
phase fraction decreased as the isothermal heat-treatment temperature increased from 350
to 450 ◦C, which is the same behavior as that of the cast steel. However, at 350 ◦C, the
AF fraction decreased sharply, unlike cast steel. Additionally, the M fraction was hardly
found. The AF phase fraction increased as the isothermal heat-treatment temperature
increased from 400 and 450 ◦C. Similar to the cast steel, the M phase fraction increased
rapidly at 450 ◦C, and WF and P appeared at 500 ◦C. In summary, BF, AF, and M were
found in the cast steel heat treated at 350 ◦C, but only AF, BF was found in the hot-rolled
steel. At 400 ◦C, same as 350 ◦C, BF and AF were observed in both specimens, but M was
observed only in cast steel. In the hot-rolled steel, the BF phase fraction was somewhat
higher than that of the cast steel, and the AF phase fractions were relatively low. At 450 ◦C,
the BF phase fraction was higher in the hot-rolled steel than that of the cast steel, and the
AF and M phase fractions were lower. At 500 ◦C, the WF phase fraction was higher in
the hot-rolled steel than that of the cast steel, and even though some P was found, the P
phase fraction was relatively small. Based on these results, the hot-rolled steel was almost
transformed into bainitic ferrite after isothermal heat treatment at 350 ◦C for 240 min. For
the other heat-treatment conditions, a complete bainitic ferrite phase transformation was
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not achieved. In particular, for isothermal heat treatment at 500 ◦C, the cooling rate was
sufficiently low that WF and P formed regardless of the additional hot deformation process.

Figure 7. Phase fractions of (a) cast and (b) hot-rolled medium-carbon low-alloy steel after isothermal heat treatment.

Because grain boundary features directly affect the mechanical properties of the alloy,
the crystal orientation distribution was measured using EBSD. Based on this analysis, the
effective size of grains with a misorientation of 15◦ or higher was a major factor. The
microstructure formed by shear transformation exhibits a hierarchical structure consisting
of prior austenite grains and packets, blocks, and laths. Among them, interfaces with a
misorientation of 15◦ or higher correspond to the interfaces surrounding prior austenite
grains or packets and blocks. Therefore, the effective grain size was evaluated based on
both the prior austenite grain boundaries and the interfaces surrounding the packets and
blocks [31]. Figure 8 quantifies the dependence of the grain size on the heat-treatment
temperature of the cast and hot-rolled steel. For the cast steel, the grain size decreased as
the isothermal heat-treatment temperature increased from 350 to 500 ◦C, although it did
not change significantly between 450 and 500 ◦C. However, for the hot-rolled samples, the
grain size was similar at 350 and 400 ◦C, but it decreased as the temperature increased to
450 ◦C. When the temperature increased to 500 ◦C, the grain size increased dramatically.
This is related to the phase fractions after isothermal heat treatment (Figure 7). As the
isothermal heat-treatment temperature of the cast steel increased from 350 to 450 ◦C, the
AF and M phase fractions both increased, and the grain size decreased accordingly. Then,
the grain size decreased rapidly when the M phase fraction increased at 450 ◦C. At 500 ◦C,
the grain size was reduced owing to the increase in the P and M phase fractions. In the
hot-rolled steel, the AF phase fraction increased from 8.46% to 33.32% as the temperature
increased to 400 from 350 ◦C, where the BF phase fraction was 91.54%, but AF did not
significantly contribute to the grain size because the grain size was similar. In contrast, as
the temperature increased to 450 ◦C, the grain size decreased owing to the increase in the
M phase fraction. However, as the temperature increased to 500 ◦C, the grain size rapidly
increased owing to the decrease in the P and M phase fractions. Comparing the cast and
hot-rolled steels, hot deformation decreased the grain size for heat treatments between
350 ◦C and 400 ◦C, but the grain size was similar at 450 ◦C due to the difference in the
M phase fraction. As the temperature increased to 500 ◦C, the grain size of the hot-rolled
steel increased rapidly owing to the lower P and M phase fractions compared with those in
the cast steel. Therefore, at this isothermal heat-treatment condition, the P and M phases
contribute significantly to the overall grain size.

The kernel average misorientation (KAM) is an index used to indirectly evaluate
dislocation density [32]. The KAM value generally decreases as the dislocation density
decreases, and conversely, increases as the dislocation density increases. As the rolling rate
increases, the crystal orientation behavior within a single grain changes. This phenomenon
occurs regardless of the presence or absence of an inhomogeneous carbide band, and the
difference in crystal orientation can be quantified using the KAM. The KAM map plots
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the average value of the difference between the crystal orientation of one measurement
point and the crystal orientations of adjacent measurement points, and it can be used to
visualize the local change in the amount of residual strain. Generally, a higher KAM value
(red color) corresponds to a higher M phase fraction [33,34].

Figure 8. EBSD orientation maps and grain sizes of medium-carbon low-alloy steel isothermally heat
treated for 240 min: cast steel heat treated at (a) 350 ◦C, (b) 400 ◦C, (c) 450 ◦C, and (d) 500 ◦C and
hot-rolled steel heat treated at (e) 350 ◦C, (f) 400 ◦C, (g) 450 ◦C, and (h) 500 ◦C.

High KAM values in yellow-green, excluding red, indirectly indicate the dislocation
density due to strain. As shown in Figure 9 KAM maps, the cast steel had a similar
dislocation density distribution at 350 and 400 ◦C. However, as the temperature increased
to 450 ◦C, a high dislocation density was observed, and a red region caused by M was also
identified. This is because the M phase fraction was high at 450 ◦C. At 500 ◦C, a lower
dislocation density was observed. The change in the distribution of dislocation density
with the heat-treatment temperature of the hot-rolled steel was similar to that of the cast
steel, but the dislocation density was higher. In line with this, it has been shown that
numerous carbon clusters exist in BF, which is related to the low solubility of carbon atoms
in the body-centered cubic (BCC) matrix. This is also the reason the carbon clusters in
BCC-structured BF tend to pin dislocations and interfere with the slip behavior. This leads
to strain concentration around the carbon clusters, resulting in high KAM values [35–37].

Figure 9. EBSD KAM maps of medium-carbon low-alloy steel isothermally heat treated for 240 min:
cast steel heat treated at (a) 350 ◦C, (b) 400 ◦C, (c) 450 ◦C, and (d) 500 ◦C and hot-rolled steel heat
treated at (e) 350 ◦C, (f) 400 ◦C, (g) 450 ◦C, (h) and 500 ◦C.
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3.2. Mechanical Properties

The mechanical properties, which depend on casting defects and grain size, were
investigated along with microstructural changes in the cast and hot-deformed medium-
carbon steels. As shown in Figure 10, the hardness of both the cast steel decreased as the
isothermal heat-treatment temperature increased from 350 to 500 ◦C. As can be seen from
the microstructure investigation, as the isothermal treatment temperature increased, the
phase fraction of hard phases (BF and M) decreased and soft phases (AF and WF) increased.
Hot-rolled steel has the highest hardness at 350 ◦C because the hard phase (BF) occupies
most of it. However, as the temperature increased to 400 ◦C, the soft phase (AF) increased
and the hardness decreased sharply. As the temperature increases to 450 ◦C, the soft phase
(AF) increases, but the hardness is similar to 400 ◦C due to M. At 500 ◦C, the soft phase
(WF) increased and martensite(M) decreased, and the hardness decreased compared to
450 ◦C. In summary, various hardness appears depending on the fraction of hard phase
(BF and M) and soft phase (AF and WF). Additionally, M contributes the most to hardness.

Figure 10. Variation in the hardness of medium-carbon low-alloy steel with the isothermal heat-
treatment temperature.

Figure 10 shows the stress–strain behavior for the various heat-treatment conditions.
During phase transformations (such as BF or M), the dislocation density increases rapidly,
which results in the presence of some dislocations even in annealed microstructures [38,39].
The high yield strength should be related to the presence of M in the microstructure. The
diffusion of carbon from the growing bainitic ferrite plate also enriches the surrounding
austenite, thus increasing its stability, until the reaction stops completely. As a result, the
undeformed prior austenite regions can transform into M [29,40].

Figures 11 and 12 show the tensile tests results for the various isothermal heat-
treatment conditions. As a result of the tensile tests measurement, the yield strength and
tensile strength decreased as the overall isothermal heat-treatment temperature increased
from 350 to 500 ◦C, which is consistent with the aforementioned hardness measurement
values. As the cast steel increased from 350 to 400 ◦C, the M and AF fraction increased,
resulting in a slight decrease in yield and tensile strength. At 450 ◦C, the fraction of M
increased, but the strength decreased sharply because the fraction of AF accounted for most.
At 500 ◦C, compared with 450 ◦C, the M fraction decreased and the strength decreased.
In contrast, the hot-rolled steel under the same heat-treatment conditions showed slight
differences. The highest yield and tensile strength were shown at 350 ◦C, where the BF
fraction was highest. However, as the temperature increased to 400 ◦C, the fraction of
soft AF increased, and the yield and tensile strength decreased rapidly. With the increase
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of 450 ◦C, the yield strength slightly increased from 400 ◦C due to the M phase, but the
tensile strength decreased slightly. At 500 ◦C, the yield and tensile strength decreased as
the fraction of soft WF increased while the fraction of M decreased.

Figure 11. Strain–stress curves of (a) cast and (b) hot-rolled medium-carbon low-alloy steel after
isothermal heat treatment.

Figure 12. Variation in the (a) Yield strength, (b) Tensile strength and (c) elongation of medium-carbon low-alloy steel with
the isothermal heat-treatment temperature.

As the isothermal heat-treatment temperature decreases, the cooling rate increases,
and carbon supersaturation in BF also increases as the cooling rate increases. This increase
in carbon supersaturation distorts the lattice of BF, which impedes dislocation movement;
thus, the tensile strength and hardness increased, but the elongation decreased [41]. How-
ever, unlike cast steel, the elongation generally increased as the isothermal heat-treatment
temperature increased. This difference in ductility is undoubtedly correlated with the re-
duction in casting defects and the differences in the phase fractions. Because the difference
in the M phase fraction was high, the elongation differed. Therefore, various phases are
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transformed according to the isothermal treatment temperature. These various phases act
in combination to affect microstructure and mechanical properties.

4. Conclusions

The microstructure and mechanical properties analysis after isothermal heat treatment
of medium-carbon low-alloy steel showed the following results.

1. There was a difference in the phase transformation and phase fraction of cast steel
and hot-rolled medium-carbon low-alloy steel during isothermal heat treatment at
350~500 ◦C for 240 min. The cast and hot-rolled steel were not completely transformed
into bainitic ferrite.

2. When the isothermal heat-treatment temperature decreased, the bainitic ferrite phase
became more prevalent, but the opposite behavior was observed for acicular fer-
rite. Austenite which did not transform into bainitic ferrite during isothermal heat
treatment mostly transformed into martensite.

3. When the isothermal heat-treatment temperature was 500 ◦C, the major phases were
Widmanstätten ferrite and pearlite in both the cast and hot-rolled steels.

4. The average grain size of cast steel decreases rapidly from 350 to 450 ◦C; and at 500 ◦C,
it is similar to 450 ◦C. Hot-rolled steel decreases moderately from 350 to 450 ◦C but
increases rapidly at 500 ◦C. The yield strength of the cast and hot-rolled steel decreases
as the isothermal heat-treatment temperature increases. The yield strength of cast
steel decreases rapidly as it increases from 400 to 450 ◦C, and the yield strength of
hot-rolled steel decreases rapidly as it increases from 350 to 400 ◦C. Hardness showed
a similar trend to yield strength. At each isothermal heat-treatment temperature,
mechanical properties depend on complex factors such as phase fractions, and grain
size.

5. The highest strength and hardness were exhibited at the isothermal heat-treatment
temperature of 350 ◦C, which was similar to the Ms temperature.
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