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Abstract: This study investigates the effects of prior deformation and continuous cooling rate on microstructural evolution
and retained austenite stability in a low-carbon steel containing 0.15-0.20 wt.% carbon. Continuous cooling was applied
to laboratory-scale specimens at cooling rates of 1-8 °C/s under both deformed (strain: 0.55, at 1200 °C) and undeformed
conditions. Optical microscopy, scanning electron microscopy, and X-ray diffraction techniques were used for microstructural
quantification. The results demonstrated that under undeformed conditions, increasing the cooling rate led to a progressive
transformation from bainite to martensite. A transition from 86.5% bainite and 13.5% martensite at 1 °C/s to a fully martensitic
structure at 8 °C/s was observed, corresponding to an increase in average hardness from 326 HV to 505 HV. Deformation in
austenite region significantly accelerated transformation kinetics, as evidenced by a leftward shift in the deformation-modified
continuous cooling transformation diagram. The deformed specimen cooled at 4 °C/s exhibited nearly similar microstructure
(70.5% bainite, 29.5% martensite) and hardness (379*° HV) with the undeformed specimen cooled at 2 °C/s (3612 HV). In
undeformed conditions, retained austenite volume fraction increased up to 13.9% with cooling rate. However, deformation
prior to cooling substantially reduced retained austenite content (7.9% at 4 °C/s), despite identical thermal histories. The
findings highlight the importance of controlling both deformation and cooling on tailoring final microstructures and mechanical
properties without the need for additional heat-treatments. The results provide an insight into optimizing energy-efficient and
low-emission forging processes aimed at improving uniformity in components with varying cross-sections.
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1. Introduction

Steel production is one of the most energy-intensive
industrial sectors, accounting for approximately 8%
of total global CO, emissions [1]. In addition to decar-
bonization efforts in primary steelmaking, considerable
potential opportunities exist in optimizing downstream
thermo-mechanical processing routes like hot forging
for lowering energy requirements and process emissions
[2-5]. Traditionally, forged steel components, especial-
ly in the automotive industry, undergo a subsequent
quenching and tempering (Q&T) heat treatment after
hot forging to attain high strength in combination with
adequate toughness. However, the elevated processing
temperatures and extended Q&T heat treatment dura-
tions significantly increase both energy consumption

and CO. emissions. To address these challenges, the de-
velopment of energy-efficient and low-emission forging
strategies, which eliminate or minimize post-forging
heat treatments, has become increasingly important
for industrial applications. A promising approach in-
volves tailoring the microstructure directly during hot
forging through controlled deformation and continuous
cooling, thereby reducing energy consumption and en-
vironmental impact [6,7]. Successful implementations
of both newly developed continuously cooled steels and
tailored continuous cooling strategies to achieve high
mechanical performance have been reported in the lit-
erature [8 - 10].

In the continuous cooling process, the selection of al-
loying elements and the cooling rate are critical pa-
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rameters that determine the final microstructure and,
consequently, the mechanical properties of steel. How-
ever, these modifications also increase raw material
and processing costs. As noted by Gramlich et al. [3],
developing steel grades that balance performance with
cost and environmental impact remains a central chal-
lenge in sustainable materials design. Nevertheless,
when the process and operational costs of Q&T heat
treatment are taken into account, the cumulative cost
of enhanced alloying can offer a more cost-effective and
sustainable strategy in hot forging process routes [6].
Even within narrow composition limits, variations in
carbon, manganese, chromium and molybdenum con-
tents in steel significantly influence transformation be-
havior and mechanical properties. It was reported that
increases in carbon by 0.01 wt.% can raise hardness by
~30 HV, while additions of manganese (~1.8-2.5 wt.%)
and molybdenum (~0.1-0.2 wt.%) enhance bainite for-
mation and retained austenite (RA) stability depend-
ing on continuous cooling conditions [7]. Therefore, the
influence of chemical composition should be evaluated
alongside with cooling rate to effectively design forging
routes that achieve improved microstructural charac-
teristics. Mandal et al. [8] reported that increasing the
continuous cooling rate from 1 to 10 °C/s in a low-car-
bon bainitic steel with 0.2 wt.% carbon resulted in a
microstructural transition from lower bainite to fully
martensitic structures, accompanied by a hardness
increase from 290 HV to over 500 HV. Kim et al. [14]
achieved a fine balance of martensite and thin-film RA
in low carbon steel with 2.0 wt.% manganese content
using double-step continuous cooling, yielding RA con-
tents of approximately 15% and tensile strengths ex-
ceeding 1200 MPa.

The cooling rate is primarily influenced by the cool-
ing medium and the cross-sectional dimensions of the
cooled steel component. During hot forging, plastic de-
formation inherently alters the local thickness of the
forged sections, thereby modifying local cooling rates.
In addition to thickness variations, parameters such as
deformation temperature and strain influence the aus-
tenite transformation kinetics and the resulting micro-
structure.

Previous studies have shown that deformation caus-
es a shift in continuous cooling transformation (CCT)
diagrams, accelerating the austenite transformation
by promoting shorter transformation times and high-
er transformation temperatures. For instance, Kawu-
lok et al. [11] investigated the deformation behavior of
continuously cooled 20MnCr5 and 32CrB4 steels and
reported that plastic deformation significantly acceler-
ates phase transformations compared to undeformed
conditions. Similar observations have been made in
low-carbon and medium-carbon TRIP-assisted steels,
where deformation causes a notable leftward shift in
the transformation curves [12].

Furthermore, both deformation and cooling rate affect
the volume fraction and morphology of RA in the final
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microstructure. In medium-carbon steels, an increased
cooling rate has been associated with higher RA con-
tent [13], whereas higher deformation ratios tend to re-
duce RA content [14]. It has also been suggested that
when RA forms in a thin-film morphology, it remains
mechanically stable and contributes positively to the
overall mechanical performance [15].

Hot-forged steels are typically used in applications
where high mechanical performance and reliability
are required [16, 17]. Therefore, achieving uniform
microstructure and mechanical properties throughout
the entire cross-section of forged components is cru-
cial. However, the inherently non-uniform geometry
of forged parts often results in variable cross-sectional
thicknesses, leading to heterogeneous deformation and
cooling conditions. As a result, careful design of defor-
mation and cooling parameters is essential to ensure
microstructural consistency across the component.

This study investigates the synergistic effects of hot
deformation and continuous cooling rate on the micro-
structural evolution of forged steel. Unlike previous
studies, continuous cooling transformation diagrams
were developed under both static and dynamic condi-
tions to assess the feasibility of achieving uniform mi-
crostructures across sections with varying deformation
ratios. It is anticipated that the methodology proposed
in this work will facilitate the design of forging process-
es that ensure homogeneity in final properties, thereby
contributing to both performance optimization and en-
vironmental sustainability.

2. Material and Methods

Hot forging operations are typically conducted on
round-sectioned, hot-rolled steel raw materials. In the
present study, laboratory-scaled raw materials were
produced in a process route comparable to industrial
practice, involving melting, alloying, casting, and hot
rolling processes. A schematic representation of labora-
tory-scale production is given in P-Figure 1.

The melting and casting stages were carried out in a
50-kW induction furnace with a capacity of 15 kg lig-
uid steel. In order to prevent re-oxidation of liquid steel,
both processes were conducted under vacuum atmo-
sphere. The molten steel was poured into a permanent
mold by using gravity casting method. Following solid-
ification, billets with a round cross-section of @70 mm
were obtained. The chemical composition of the steel
was analyzed by optical emission spectrometry (OES)
is presented in P>Table 1.

Prior to hot deformation process, the billets were re-
heated to 1150 °C. Hot deformation process was applied
by using a laboratory-scale hot rolling physical simula-
tor. After six roll passes with approximately 25% defor-
mation was applied at each pass, hot-rolled bars with a
final diameter of @30 mm were produced.

https://doi.org/10.26701/ems.1 726120
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Figure 1. A schematic view of the laboratory-scale production route.

Hot-forging simulations and continuous cooling experi-
ments were performed with a Gleeble 3800 thermo-me-
chanical simulator. Cylindrical specimens with a di-
ameter of 10 mm and a length of 15 mm were prepared
from previously hot-rolled steel bars. The specimens
were heated to 1200 °C at a rate of 5 °C/s and held for
20 s to ensure complete austenitization. Then, the spec-
imens were either deformed or left undeformed before
cooling to 1040 °C. Continuous cooling was subsequent-
ly applied at cooling rates of 1 °C/s, 2 °C/s, 4 °C/s, and
8 °C/s. A schematic representation of the hot-forging
and cooling procedures, along with the associated pro-

a)

1200°C

Temperature [°C]

Time [Log, s]

cess parameters, is provided in P-Figure 2.

Table 1. Chemical composition of the produced steel [wt.%].

C Si Mn+Cr Mo Ti Nb B
Min.  0.15 0.15 2.10 0.10 0.0100 0.0250 0.0010
Max.  0.20 0.35 2.55 0.20 0.0400 0.0500 0.0040

Microstructural characterization was conducted using
optical microscopy (OM) and scanning electron mi-
croscope (SEM). Following standard metallographic
preparation, the specimens were etched with Le Pera
solution to differentiate microstructural constituents.
In Le Pera etching, martensite appears dark beige/
straw colored regions while bainite exhibits bluish [36].
The area fractions of each microstructure were quan-
tified via color-based image analysis using software
Imaged. For each cooling conditions, four different OM
images at 100X magnification were analyzed and the
average microstructural content was determined and
assigned to the corresponding cooling rate.

Vickers microhardness measurements were performed
using an Emco-Test DuraScan hardness tester under
two different loads, each applied with a dwelling time
of 5s. A 0.1 kgf load was employed to measure the
hardness of individual microstructural constituents,
whereas a 0.3 kgf load was used to determine the aver-
age hardness of the specimens. Five separate measure-
ments were taken from each specimen.

The retained austenite (RA) contents of specimens were
quantified using X-ray diffraction (XRD) with a Cu-Ka
cathode tube. Scans were conducted over a 20 range of
30° to 100° at a scanning speed of 0.5 °/s. The volume
fractions of RA were calculated via Rietveld refinement
method using MAUD software. Additionally, electron
backscatter diffraction (EBSD) analysis was employed
to provide more detailed insights into the morphology

b)

1200°C

Temperature [°C]

Time [Log, s]

Figure 2. A schematic view of the heating, hot deformation and cooling processes of (a) undeformed, (b) deformed specimens.
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and distribution of RA in both deformed and unde-
formed specimens cooled at 4 °C/s.

3. Results and Discussion

3.1. Effect of Cooling Rate on Microstructural
Evolution

In this section, the influence of cooling rate on micro-
structure was investigated under undeformed condi-
tions. During heating, dimensional changes observed
in the dilatometric curves corresponded to the onset
of austenite formation (A ) and the completion of the
austenitization process (A,). Upon cooling, the shape
and slope of the dilatometric curves vary notably for
the same steel, reflecting differences in transformation
mechanisms and kinetics. At relatively slower cooling
rates, a gradual and continuous change in specimen
length may observed during cooling, indicating the
occurrence of transformation products such as ferrite
and bainite. Ferrite forms via a diffusional mechanism
at higher temperatures, while bainite forms at inter-
mediate temperatures through a shear-assisted trans-
formation mechanism that involves limited diffusion of
carbon. The bainite transformation is governed by dis-
placive nucleation and carbon partitioning, resulting
in the formation of bainitic ferrite along with retained
austenite or carbides, depending on cooling condi-
tions and chemical composition [30 — 32]. In contrast,
at higher cooling rates, the curves exhibit sharper and
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more abrupt contractions as a characteristic of marten-
sitic transformation. Martensite forms via a diffusion-
less shear mechanism once Ms temperature is reached,
leading to a sudden volumetric contraction and a dis-
tinct change in the slope of the curve [33, 34].

The dilatation curves of specimens during continuous
cooling are given in P-Figure 3. At lower cooling rates,
the curves exhibit smooth and gradual contractions
over a broad temperature range, with transformation
events initiating around 500 °C which indicatives of
bainitic transformation. As the cooling rate increases,
the transformation region shifts to lower temperatures
as consistent with martensitic transformation. The
observed progression from gradual to sharp curve fea-
tures with increasing cooling rate reflects the suppres-
sion of bainite and the growing dominance of marten-
site, in line with common transformation behavior in
low-carbon steels [31, 33].

The static CCT diagram of the steel used in this study is
shown in P-Figure 4. A fully martensitic microstructure
was obtained at a cooling rate of 8 °C/s, while mixed
bainitic-martensitic microstructures were observed at
intermediate cooling rates between 1 and 4 °C/s. The
results show good agreement with CCT diagrams re-
ported in the literature for low-carbon steels with simi-
lar carbon and microalloying additions [35].

»Figure 5 shows OM images of undeformed specimens
subjected to continuously cooled at rates of 1 °C/s, 2 °C/s,
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Figure 3. Dilatometric curves of specimens during continuous cooling with different cooling rates (a) 1 °C/s, (b) 2 °C/s, (c) 4 °C/s and (d) 8 °C/s.
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4 °C/s and 8 °C/s. At the lowest cooling rate of 1 °C/s,
the microstructure primarily consists of bainite, visi-
ble as bluish regions accompanied by a relatively small
fraction of martensite. As the cooling rate increases to
2 °C/s and 4 °C/s, the fraction of martensite gradually
increases, indicating a transition from a mainly bain-
itic to a mixed bainite—-martensite microstructure. At
the highest cooling rate of 8 °C/s the microstructure
is almost fully martensitic with no observable bainite.
This transformation trend is consistent with the static
CCT diagram of the steel, wherein the transformation
path intersects the bainitic region before reaching the
martensite start temperature at slower cooling rates,
thereby allowing sufficient time for bainite formation.
In contrast, at higher cooling rates, the transformation
path bypasses or only briefly intersects the bainitic re-
gion, suppressing bainite formation and favoring a pre-
dominantly martensitic transformation.

P»Figure 6 presents SEM micrographs of undeformed
specimens subjected to continuously cooled at rates of 1,
2,4,and 8 °C/s. The evolution of microstructure with in-
creasing cooling rate is consistent with the transforma-
tion paths predicted by the static CCT diagram of steel.
At the lowest cooling rate of 1 °C/s, the microstructure
is dominated by bainite. Due to the slower cooling rate,
the morphology of bainite mostly formed as granular
shape as expected. At 2 °C/s and 4 °C/s cooling rates, a
more balanced mixture of bainite and martensite is ob-
served. However, lower bainite morphology takes part

as the cooling rate increases while martensite appears
as lath structures.

The quantitative microstructural analysis and micro-
hardness measurements of continuously cooled unde-
formed specimens are presented in P>Figure 7. At the
lowest cooling rate of 1°C/s, the microstructure con-
sists of approximately 86.5% bainite and 13.5% mar-
tensite. As the cooling rate increases, a clear transition
in microstructure from predominantly bainitic to fully
martensitic is observed. The calculated area fractions
of each microstructural constituents align with the OM
and SEM images where slower cooling rates allow suffi-
cient time for bainite formation whereas faster cooling
suppresses bainitic transformation and promotes mar-
tensite formation. The corresponding microhardness
data also reflects the microstructural evolution. Bainite
exhibits lower hardness values, ranging from approx-
imately 289 to 371 HV, whereas martensite displays
significantly higher hardness values over 500 HV ..

The result of microhardness measurements of unde-
formed specimens conducted under 0.3 kgfload is given
in P-Figure 8. The overall hardness of the steel increas-
es with cooling rate, primarily due to the increasing
fraction of martensite. A marked rise in hardness is
observed beyond a cooling rate of 2 °C/s, which cor-
responds to the onset of martensite dominance in the
microstructure. This trend underscores the significant
influence of martensitic transformation on the mechan-
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Figure 4. CCT diagram of experimental steel.

European Mechanical Science (2025), 9(3)

100 1000 10000

Time [s]

https://doi.org/10.26701/ems.1 726120 @



Effect of prior deformation on microstructural evolution and retained austenite stability in bainite-martensite structures of continuously cooled low-carbon steel

Figure 6. SEM images of the undeformed specimen cooled at 1 (a) 1 °C/s, (b) 2 °C/s, (c) 4°C/s and (d) 8 °C/s.
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ical response of the steel.

3.2. Effect of Deformation on Microstructural
Evolution

»Figure 9 shows OM and SEM micrographs of the
specimen subjected to plastic deformation at a strain
level of 0.55 and subsequently cooled at a rate of 4 °C/s.
The resulting microstructure predominantly consists of
bainitic ferrite with both coarse and fine morphologies,
forming a bainite-martensite mixed structure. The
area fractions of bainite and martensite were calculat-
ed as 70.5% and 29.5%, respectively. Microhardness
measurements of the bainitic regions ranged between
326 and 359 HV , while martensitic regions exhibited
higher values ranging from 454 to 510 HV,. The av-
erage microhardness measured under 0.3 kgf load was
found to be 379 HV.

As shown in P-Figure 10, at a strain level of 0.55, the
deformed specimen that cooled at 4 °C/s exhibited a mi-
crostructural composition and hardness distribution
remarkably similar to those of the undeformed spec-
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Figure 7. Microstructure fractions and corresponding microhardness
[HV, ] values of bainite and martensite in undeformed specimens.

imen cooled at 2 °C/s. This suggests that prior plastic
deformation significantly accelerates bainite transfor-
mations during continuous cooling. The microstructur-
al characteristics and mechanical response observed in
the deformed specimen under 4 °C/s cooling are nearly
equivalent to those of the undeformed specimen at a
slower cooling rate, corroborating the transformation
kinetics shift introduced by deformation.

P-Figure 11 compares the conventional CCT diagram
with the deformation-modified (D-CCT) transforma-
tion curves, highlighting the leftward shift in bainitic
transformation start times caused by prior plastic de-
formation. This mechanism can be attributed to several
metallurgical factors. Plastic deformation within the
austenite temperature range introduces a high density
of dislocations and defects, which act as heterogeneous
nucleation sites for bainitic ferrite. This increased nu-
cleation site density accelerates the transformation ki-
netics, effectively shifting the bainitic start to shorter
times and higher temperatures [37, 38]. Moreover, de-
formation promotes a refinement of the prior austenite
grain structure, further facilitating bainite formation
at earlier stages of cooling [39]. Additionally, the start
temperature of martensitic transformation (Ms) was
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Figure 8. Microhardness [HV0.3] measurements of undeformed speci-
mens.

Figure 9. OM and SEM micrographs of the deformed specimen cooled at 4 °C/s; (a) OM, (b) SEM.
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found to be more strongly influenced by the cooling rate
than by prior deformation. Specifically, higher cooling
rates resulted in increased Ms temperatures, whereas
lower cooling rates led to a decrease. This trend sug-
gests that the thermal history exerts a dominant influ-
ence on martensitic transformation onset, regardless of
the deformation history in the austenitic phase.

3.3. Retained Austenite (RA)

RA is a metastable phase that can transform into mar-
tensite under the influence of stress or temperature
changes. This transformation mechanism, known as
Transformation-Induced Plasticity (TRIP), may lead
to unpredicted variations in mechanical properties.
The stability of RA in steels depends on several factors
including internal or external stress states, chemical
composition: particularly carbon and manganese con-
tent, prior austenite grain boundaries (PAGBs), RA
morphology, and the characteristics of the surrounding
microstructures [20 - 24].

PFigure 12 shows the volume fractions of retained
austenite measured in both deformed and undeformed
specimens. In undeformed conditions, increasing the
cooling rate led to a higher RA content. However, in
specimens deformed prior to cooling at 4 °C/s, the RA
content was significantly reduced compared to their
undeformed counterparts. Previous studies have at-
tributed this phenomenon to the instability of RA
formed under mechanical or chemical conditions that
are unfavorable to its retention, particularly following
post-transformation deformation [25 - 27]. However, in
the present study, deformation was applied within the
austenite temperature region, prior to microstructur-
al transformation temperatures on cooling. It was seen
that pre-transformation deformation shifted the trans-
formation kinetics, promoting the earlier formation of
high-temperature microstructures compared to unde-
formed conditions. RA is expected to form within or be-
tween bainitic ferrite laths during cooling. Despite the
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Figure 10. Area fractions and microhardness [HV0.3] values of unde-
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higher cooling rate, bainitic laths in deformed samples
were observed to be coarser than those in undeformed
specimens, suggesting a change in RA morphology from
lath like to blocky regions. As reported in earlier stud-
ies, such blocky morphologies of RA are mechanically
unstable and prone to transformation into martensite
even during sample preparation for microstructural
analysis [28, 29].

P-Figure 13 presents EBSD phase maps comparing
the retained austenite content in deformed and unde-
formed samples cooled at 4 °C/s. The RA content was
measured as 7.9% in the deformed specimen while un-
deformed specimen resulted 13.9%. These values align
well with the XRD measurements, although EBSD con-
sistently yielded slightly lower results. This discrepancy
is attributed to the limited spatial resolution and pene-
tration depth of EBSD compared to bulk-sensitive tech-
niques such as XRD. Due to its surface sensitivity and
smaller sampling volume, it is thought that EBSD may
tend to underestimate the total RA content.
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Figure 11. Comparison between conventional CCT and deforma-
tion-modified CCT (D-CCT) diagrams showing the shift in transforma-
tion onset on account of prior plastic deformation.
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Figure 12. Volume fractions of retained austenite in deformed and
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Figure 13. EBSD phase maps comparing retained austenite distribution in (a) deformed and (b) undeformed specimens cooled at 4 °C/s.

4. Conclusions

In this study, the combined effects of hot deformation
and continuous cooling rate on the microstructural evo-
lution of hot-forged low-carbon steel were systematical-
ly investigated. Based on the experimental findings, the
following conclusions can be drawn:

+ In continuous cooling, under undeformed condi-
tions, the resulting microstructure was highly sen-
sitive to the applied cooling rate.

« Increasing the cooling rate progressively shifted
the microstructure from bainitic to martensitic. At
a cooling rate of 8 °C/s, a fully martensitic structure
was obtained, whereas lower rates produced mixed
bainitic-martensitic microstructures.

« Pre-transformation deformation significantly ac-
celerated transformation kinetics of bainite as
evidenced by the leftward shift in the deforma-
tion-modified continuous cooling transformation
diagram relative to the conventional CCT diagram.
For a strain level of 0.55, the deformed sample
cooled at 4 °C/s exhibited highly comparable mi-
crostructural and hardness characteristics to the
undeformed sample cooled at 2 °C/s.

« The martensitic transformation was found to be
more strongly influenced by the cooling rate than
by prior deformation.

- The RA content increased with cooling rate in un-
deformed conditions. However, deformation pri-
or to cooling substantially reduced RA content at
identical cooling rates. This reduction is attributed
to the formation of mechanically unstable blocky
RA morphologies within coarser bainitic struc-
tures induced by deformation.

European Mechanical Science (2025), 9(3)

In summary, this study demonstrates that microstruc-
tural and mechanical properties of hot-forged steels
can be effectively tailored by controlling deformation
parameters and cooling rates. These findings offer a
scientific foundation for designing energy-efficient,
low-emission forging routes capable of producing me-
chanically homogeneous components without the need
for additional heat treatments.
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