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This article investigates the forgeability of a microalloyed steel 0.18C-1.38Mn-0.36Si-0.47Cr-0.03Mo-
0.05Al-0.04Nb-0.01Ti, with emphasis on its application in the hot forging process followed by continuous
cooling, aiming to eliminate traditional quenching and tempering heat treatments. The research seeks to
understand how thermomechanical parameters influence the microstructure and material behavior during
processing. The approach included experiments and numerical simulations, as well as detailed analysis of
the prior austenitic structure. The wedge test was employed to correlate microstructural changes with
deformation under different temperatures. The results show that controlled deformation, combined with
high forging temperatures, promotes recrystallization and grain refinement, resulting in a uniform bainitic
microstructure and high hardness levels. The steel showed potential for application in small-volume parts,
offering a cost-effective and energy-efficient solution by eliminating the need for heat treatments.

Keywords bainitic steel, continuous cooling, hot forging, wedge
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1. Introduction

The global forged products market was valued at USD 81.13
billion in 2023 and is projected to grow from USD 87.06 billion
in 2024 to USD 157.94 billion by 2032, showing a compound
annual growth rate of 7.6% during the forecast period (Ref 1).
Among the global megatrends, the fight against climate change
is one of the key drivers of this market. The increasing pressure
to reduce CO2 emissions, combined with increasingly stringent
government regulations, has led forging companies to innovate
and develop more sustainable processes.

One of these innovations is the forging of steels that
eliminate traditional heat treatments (Ref 2, 3). High-perfor-
mance forgings are typically produced from quench and
tempered (Q&T) steels, which achieve a balance of properties
through a three-step heat treatment: austenitizing, quenching,
and tempering, transforming brittle martensite into a technically
suitable tempered material. In recent decades, precipitation-
hardened ferritic-pearlitic (PHFP) steels have been developed
to simplify the heat treatment route (Ref 4). These steels
achieve their final properties through controlled cooling directly
from the forging heat, resulting in significant reductions in
process costs, energy demand, and consequently, emissions
(Ref 5).

More recently, steels with more complex microstructures
and chemical compositions have been developed, allowing for

superior properties (Ref 6). Air-cooled bainitic (Ref 7-11),
bainitic-martensitic (Ref 12), and martensitic steels (Ref 13-15)
have already shown potential to replace Q&T steels in various
applications, emerging as viable alternatives to meet the
market�s sustainability and efficiency demands.

Designing the forging process for continuously cooled steels
from forging requires the careful selection of conditions that
ensure the desired microstructure and mechanical properties.
This can only be achieved through a deep understanding of the
complex interactions between metallurgical phenomena and the
thermomechanical parameters of the process. An efficient
technique for evaluating these interactions is the wedge test
(Ref 16-20). In this study, a comprehensive analysis of the
forgeability of a steel with the composition 0.18C-1.38Mn-
0.36Si-0.47Cr-0.03Mo-0.05Al-0.04Nb-0.01Ti is conducted
using this technique. The research combines simulations and
experiments to investigate the relationship between microstruc-
tural changes and the material�s deformation behavior. Through
this integrated approach, the study seeks to understand how
process variables influence the final performance of the steel,
providing valuable insights for developing more efficient and
precise forging processes.

2. Materials and Methods

The material investigated in this study is a low-carbon steel
microalloyed with Ti and Nb, with the composition 0.18C-
1.38Mn-0.36Si-0.47Cr-0.03Mo-0.05Al-0.04Nb-0.01Ti. The
additions of manganese, chromium, and molybdenum are
intended to enhance hardenability. In the initial condition, the
material exhibits a microstructure typical of a slowly cooled
low-carbon steel, consisting of ferrite and dispersed islands of
pearlite.

The reduction in production costs is a crucial factor in the
selection of steel for forging. In this sense, the application of
cost-optimized alloy concepts becomes essential. The steel
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investigated in this work presents lower levels of volatile and
high-cost alloying elements, such as molybdenum and nickel,
compared to other modern advanced steels for forging.
Furthermore, the chromium content is also reduced, which
contributes to making raw material costs more rational,
increasing the competitiveness of the proposal. Additionally,
the lower alloy content provides environmental advantages,
especially in the case of molybdenum, whose significant impact
on energy demand and material footprint makes it a particularly
critical element (Ref 2).

2.1 Evaluation of Austenitization Parameters

The final properties of forgings subjected to continuous
cooling are highly sensitive to the austenitization conditions of
the material. For this reason, the analysis of the material�s
forgeability begins with the evaluation of the effect of the
austenitization parameters on the prior austenitic structure.

The effects of time (tc) and temperature (Tc) of austeniti-
zation on the prior austenitic grain size were analyzed through
different austenitization treatments, as detailed in Table 1.

In the heat treatments, cubic samples with 20-mm edges
were used. Type K thermocouples were inserted with the hot
junction positioned at the core of the geometries for temper-
ature monitoring. After austenitization in a chamber-type
resistive furnace, all the specimens were water-quenched. The
prior austenitic structure was analyzed by optical microscopy
after chemical etching with picral reagent.

The quantitative analysis of the prior austenitic structure was
performed using the circular intercept method, as specified by
the American Society for Testing and Materials (Ref 21). This
technique, recommended for materials with non-equiaxed grain
structures, allows for the determination of austenitic grain size.
For each condition analyzed, at least 1000 grains were
measured.

The heating time of 0 min (tc ¼ 0) corresponds to the
moment when the furnace�s austenitization temperature reaches
the core of the specimen. The times of 10, 20, and 40 min are
counted from tc ¼ 0.

2.2 Wedge Test

To comprehensively evaluate the effect of thermomechan-
ical processing on the material, wedge tests were conducted.
These tests aim to establish the correlation between deforma-
tion, microstructural changes, and hot forgeability at different
temperatures.

In the wedge test, a wedge-shaped specimen is forged
between parallel flat dies. As shown in Fig. 1, the samples
consist of a portion with a constant height and a region with
variable height, while maintaining a fixed width. The constant
speed of the upper die, combined with the variation in the
sample height and friction, generates a heterogeneous distribu-
tion of strain and strain rate along the length and across any
section. Through numerical analysis of the test, it is possible to
predict local strains and strain rates and establish correlations
with microstructural changes and hot forgeability as a function
of temperature.

In each experiment, the specimen is heated in a resistive
furnace until its core reaches the desired temperature (tc ¼ 0).
This time was 13, 9, and 7 min for temperatures of 1000 �C,
1100 �C, and 1200 �C, respectively. It is then quickly trans-
ferred to the press for the hot forming stage. The wedges were
subjected to a 23-mm reduction in height by the action of flat
dies preheated to 180 �C and coated with graphite-based
lubricant. The tests were carried out on an FKL hydraulic press
with a speed of 6.5 mm/s and a capacity of 700 tons. After
forging, the wedges were air-cooled to room temperature.

The tests were performed at three heating temperatures (T0):
1000, 1100, and 1200 �C. Type K thermocouples were inserted
with the hot junction positioned at the core of the wedges for
temperature monitoring.

During the tests, force and displacement data were collected.
The displacement of the press was monitored by a linear
variable differential transformer (LVDT), and the force was
measured by a load cell mounted on the lower table of the
press. The signals were acquired using a Spider 8 device from
HBM and processed with Catman Express software.

The forged wedges were sectioned, and the microhardness
profile of the longitudinal section was constructed. The
microstructure was analyzed using optical microscopy and
scanning electron microscopy (SEM). Conventional metallo-
graphic preparation techniques were applied to the longitudinal
section of the forged wedges. The chemical reagent used for
revealing the microstructure was 2% Nital.

To analyze the prior grain size of the forged wedges, some
of the specimens were water-quenched after forming. The prior
austenitic structure was analyzed by optical microscopy after
chemical etching with picral reagent (a solution composed of
100 mL of distilled water, 10 g of picric acid, and 2 mL of
hydrochloric acid.).

2.3 Inverse Analysis Using Finite Elements

The inverse analysis of the experimental procedure was
carried out using the Qform UK software. Utilizing the finite
element method (FEM), 3D simulations of the tests were
performed. The simulations were divided into the following
stages:

(i) Transfer of the wedge from the furnace to the press: This
stage lasts for 8 seconds and calculates the thermal
losses of the piece to the environment.

Table 1 Heat treatments performed to analyze the effect
of austenitization parameters on the material�s prior
structure

Temperature, Tc, �C Time, tc, min

1000 0
10
20
40

1100 0
10
20
40

1200 0
10
20
40
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(ii) Positioning of the wedge on the lower die: This stage
lasts for 2 seconds and calculates the thermal losses of
the piece to the environment and to the lower die.

(iii) Forging.
(iv) Extraction of the wedge: This stage lasts for 3 seconds

and calculates the thermal losses of the piece to the
environment and to the lower die.

(v) Continuous cooling: This stage calculates the thermal
losses of the piece to the environment.

The duration of each stage was defined by the average
values observed during the experimental procedure. The
experimental data on force, displacement, and temperature
were used to calibrate the numerical models. Table 2 lists the
information related to the numerical models.

The information related to the work material was entered
into the software library. The Hensel-Spittel equation (Eq 1)
was used to characterize the mechanical behavior of the
material during hot forming. Table 3 lists the parameters of the
Hensel-Spittel equation for the alloy investigated.

kf ¼ A � em1�# � um2 � _um3 � e
m4
u � 1þ uð Þm5�#�em7�u � _um8�# � #m9

ðEq 1Þ

where A and m1 to m9 are material constants that must be
determined experimentally.

3. Results and Discussions

3.1 Evaluation of Austenitization Parameters

Figure 2 presents representative examples of the microstruc-
tural examination of prior austenite after austenitization at
different temperatures and holding times. Figure 3 illustrates
the variation in the average austenite grain size as a function of
austenitization temperature and time, while Table 4 summarizes
the quantitative results regarding the influence of processing

parameters on the prior austenite grain size. As expected, the
austenite grain size increases with the rise in soaking temper-
ature.

The growth of austenite grains occurs primarily due to the
migration of grain boundaries, a thermally activated process in
which the mobility of these boundaries intensifies with
increasing temperature (Ref 22). Additionally, the rise in
austenitization temperature and time affects the size of
precipitates and the volume fraction of these particles. These
factors play a key role in restricting the movement of grain
boundaries and, consequently, in the kinetics of grain growth.
As the austenitization temperature and time increase, the
volume fraction of the particles decreases and their size
increases. This change in the precipitate distribution reduces
their effectiveness in pinning the grain boundaries, thereby
facilitating the growth of austenite grains (Ref 23).

The sensitivity of grain size to austenitization time varies
according to the temperature analyzed. During austenitization
at 1000 �C, the grain size remains nearly constant, around
16 lm, for soaking times of up to 10 min. However,
measurements taken after 20 and 40 min indicate an almost
linear increase in grain size, reaching 23 lm after 40 min of
soaking.

When the temperature is raised to 1100 �C, a nearly linear
increase in grain size is observed between 0 and 20 min of
soaking, from 35 to 40 lm. After 20 min, the grain growth rate
changes, and the grain size reaches 43 lm after 40 min.

Fig. 1 Wedge test

Table 2 Input data for the numerical models

Mesh type Adaptive triangular

Workpiece temperature Experimentally calibrated
Tool material AISI H13 (Rigid)
Tool temperature 180, �C
Tool speed 6.5, mm/s
Friction coefficient 0.4 (Levanov)
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At 1200 �C, the grain growth follows a nearly linear
behavior up to 20 min of soaking, with the grain size increasing
from 47 to 58 lm. Similar to the observation at 1100 �C, after
20 min, the grain growth rate decreases, and the grain size
reaches 62 lm after 40 min.

The values presented in Fig. 3 are consistent with those
reported by Erisir et al. (Ref 24), who studied a steel with
similar contents of C, Ti, Nb, and N. The control of grain
growth in microalloyed steels during thermomechanical pro-
cessing depends crucially on second-phase particles. The
addition of Ti and Nb microalloys results in the formation of
nitride, carbide, and carbonitride dispersions, which are effec-
tive in minimizing the growth of austenite grains. With the aid
of energy-dispersive x-ray spectroscopy, Ti and Nb precipitates

smaller than 1 lm were identified in the austenitized samples.
Due to their small size, these particles are not visible in Fig. 2,
which shows larger particles corresponding to non-metallic
inclusions.

Not all Ti and Nb precipitates remain stable at processing
temperatures. Consequently, alloys containing Nb and Ti may
be susceptible to abnormal austenite grain growth (Ref 25, 26).
The emergence of abnormally large grains compromises the
homogeneity of the prior microstructure. This phenomenon can
be assessed using the variability parameter (DPAG), which
corresponds to the ratio between the standard deviation and the
average grain size (Ref 27). It was observed that for DPAG ‡
0.3, abnormal grain growth occurs. This behavior was

identified during austenitization processes conducted at

Table 3 Parameters of the Hensel-Spittel equation for the investigated alloy

A, MPa m1 m2 m3 m4 m5 m7 m8 m9

1510 � 0.004 0.24 � 0.03 � 0.002 � 0.0006 � 0.13 0.0002 0.28

Fig. 2 Optical micrographs of prior austenite after different austenitization temperatures and times
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1100 �C and 1200 �C, with treatment times of 20 and 40 min.
Figure 4 illustrates this abrupt growth, resulting in grains with
an average diameter exceeding 100 lm. The rapid abnormal
growth of austenite grains is attributed to the dissolution of
carbides. The localized absence of effective precipitates to
stabilize grain boundaries creates favorable conditions for
accelerated or abnormal grain growth. This is undesirable as it
compromises the final microstructure refinement, negatively
impacting mechanical properties such as toughness and ductil-
ity (Ref 28).

3.2 Wedge Test

To ensure greater representativeness of the results, the
wedge tests were repeated five times for each condition
analyzed. Macro- and microscopic analyses confirmed that
the forged parts did not exhibit any specific cracks or surface
damage.

Figure 5 shows the thermal histories of the forged wedges
starting from the heating temperatures (T0) of 1000, 1100, and
1200 �C. The solid lines represent the experimental data, while
the dotted lines represent the results obtained from finite
element models.

The temperature evolution over time shows a similar
behavior for the three analyzed temperatures. Initially, there is
a slight drop in temperature due to the transfer of the piece from

the furnace to the press and the positioning of the wedge in the
lower die, causing the actual forging temperature to differ from
T0. Subsequently, an abrupt temperature drop occurs with the
start of forging. The low speed of the forming equipment causes
significant cooling of the piece, which reaches temperatures
between 400 �C and 500 �C after forming. Upon completion of
forging and the beginning of continuous cooling, the temper-
ature shows a slight increase, followed by a gradual drop until
reaching room temperature.

Figure 6 also shows the evolution of force as a function of
press displacement for the three conditions analyzed. The solid
lines represent the experimental data, while the dotted lines
represent the results obtained from the finite element models.
As expected, the force required to deform the wedge increases
as the forging temperature decreases.

The comparison between the experimental force–displace-
ment curves and the numerical results is an effective method for
validating finite element simulations. It is observed that the
numerical results show excellent agreement with the experi-
mental data, which is also confirmed by the thermal history
records. This demonstrates that the boundary conditions of the
models, such as friction, die cooling, and heat transfer to the

Fig. 3 Variation of the average prior austenitic grain size as a
function of austenitization temperature and time

Table 4 Effect of processing parameters on prior austenite grain size

Temperature, Tc,
�C

Time, tc,
min

Prior austenite grain size, PAG,
lm

Standard deviation,
lm

ASTM grain size,
G

Variability parameter,
DPAG

1000 0 16.4 2.6 2.6 0.16
10 16.9 2.9 2.9 0.17
20 19.4 2.3 2.3 0.12
40 23.6 3.9 3.9 0.17

1100 0 35.1 10.5 7.9 0.23
10 37.0 11.4 8.9 0.24
20 40.8 12.3 12.3 0.30
40 43.3 11.9 13.1 0.30

1200 0 47.1 14.7 10.1 0.21
10 52.9 15.3 12.2 0.23
20 58.7 16.4 18.2 0.31
40 62.2 16.9 18.7 0.30

Fig. 4 Abnormal growth of austenite grains (Tc ¼ 1200
�
C;

tc ¼ 20min)
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environment, were simulated accurately to reflect the real
process conditions. Thus, it is possible to achieve a strong
similarity between the loading behavior and the microstructural
changes observed in the test specimens and the actual
microstructural variations during hot forming.

3.3 Inverse Analysis FEM

The results of the inverse analysis of the wedge tests,
conducted through finite element simulations, are presented
below. The critical parameters that influence the mechanical
behavior of the material, such as strain, strain rate, and
temperature, were examined in detail.

Figure 7 shows the distribution of equivalent strain in the
wedge section after compression. The initial geometry was
designed to allow for the analysis of a wide range of strains,
varying between 0.2 and 2.4. This analysis is crucial, as the
degree of strain is directly related to microstructure refinement.

Regions subjected to higher strains tend to exhibit finer grains,
which in turn leads to an increase in material strength (Ref 29-
31).

Strain rate is another crucial parameter that influences
recrystallization during the deformation process, directly
impacting microstructure refinement. Since recrystallization is
a time-dependent process, increasing the strain rate ( _u) reduces
the time available for the formation of new grains, thus limiting
microstructure refinement.

Figure 8 illustrates the variation in strain rate as a function of
press displacement at 10 points along the wedge section. Due to
the wedge geometry, some regions (P7, P8, P9, and P10)
experience deformation throughout the entire process, while
others (P1 and P2) undergo deformation only in the final stages
of press displacement. This behavior is reflected in the observed
strain rate values.

Fig. 5 Thermal histories of the forged wedges
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Fig. 6 Evolution of force as a function of press displacement during the forging of the wedges

Fig. 7 Distribution of equivalent strain along the wedge section after forging

Fig. 8 Variation of strain rate as a function of press displacement at 10 points along the wedge section
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The distribution of strain rate along the wedge section at the
end of the process is shown in Fig. 9. Due to the low speed of
the hydraulic press, strain rate values range from 0.4 to 1.7 s�1.

The tests were conducted at three different temperatures,
affecting factors such as friction and heat exchange, which
could potentially influence material flow during forging.
However, the numerical simulations did not reveal significant
changes in the deformation profile and strain rate distribution in
the wedge section that would justify a more in-depth analysis.

Numerical simulation allows tracking the entire thermal
history of the piece during processing. Figure 10 shows the
evolution of temperature over time during forging and subse-
quent continuous cooling at 10 points along the wedge section
heated to 1200 �C. Due to thermal losses from radiation and
convection during the transfer of the wedge from the furnace to
the press, the piece exhibits a thermal gradient from 1130 to
980 �C at the start of forging. As forging begins, a sharp drop
in temperature is observed, with the severity varying depending
on the region of the piece and the contact time with the tools.
The areas that remain in contact with the forging dies for a
longer period experience a more pronounced temperature
reduction, leading to a decrease in the thermal gradient of the
piece. During the initial stage of continuous air cooling,
temperature equalization occurs due to heat exchange between

the core and the surface of the piece. As a result, the thermal
gradient is nearly eliminated, and over time, the cooling curves
become almost identical.

Figure 11 shows the temperature distribution in the wedge
section after compression, for the three analyzed temperatures.
It is observed that the temperature is higher at the end of the
piece with a larger volume and gradually decreases toward the
opposite end. The lower surface of the piece experiences more
intense cooling than the upper surface, as after the press opens,
the lower surface remains in contact with the lower die until the
piece is extracted.

The cooling profiles observed in the piece heated to 1200 �C
(Fig. 9) are repeated in the pieces heated to 1100 �C and
1000 �C, with the same temperature distribution, though with
different magnitudes. At the end of forging, the piece heated to
1100 �C shows an average temperature 25 �C lower than the
piece initially heated to 1200 �C. Meanwhile, the piece heated
to 1000 �C has an average temperature 28 �C lower than the
piece heated to 1100 �C.

3.4 Final Microstructure

Three distinct regions of the piece were selected for
microstructural analysis: region R1, which corresponds to the

Fig. 9 Distribution of strain rate along the wedge section after forging

Fig. 10 Variation of temperature as a function of time at 10 points along the wedge section
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area with the lowest strain (ueq ¼ 0:5); region R2, representing
the area with medium strain (ueq ¼ 1:25); and region R3, where
the strain is most intense (ueq ¼ 2). Figure 12 presents the prior
austenitic microstructure of the forged wedges after heating to
1000 �C, 1100 �C, and 1200 �C, respectively.

In the region with the lowest strain, the grains exhibit a
polygonal morphology. As the strain severity increases, there is
intense refinement of the austenitic structure due to recrystal-
lization. The increase in strain enhances the driving force for
dynamic recrystallization, resulting in a substantial increase in
the number of small grains. These new grains remain small
because the thermodynamic potential generated within them,
due to the continuous deformation, prevents further growth. As
the thermodynamic potential difference across the new grain
boundaries decreases, their growth is halted (Ref 32).

Severely deformed regions at T0 ¼ 1000
�
C and T0 ¼

1100
�
C also exhibit a few larger grains that have not

recrystallized. These grains appear elongated with serrated
boundaries. The formation of undulations along the grain
boundaries occurs during dynamic recovery. This phenomenon
involves short-range migrations of grain boundaries due to the
thermodynamic potential generated by dislocations. The
boundaries migrate in both directions, acquiring a wavy
appearance. In austenite, such undulations indicate the onset
of recrystallization (Ref 33). In the wedge forged at
T0 ¼ 1200

�
C, recrystallization is more uniform, and larger

grains are not observed.
The austenitization of the material (without deformation) at

1000 �C, 1100 �C, and 1200 �C produced austenitic grains
with average sizes of 16 lm, 35 lm, and 47 lm, respectively.
In the low-deformation region (R1), the wedges heated to
1100 �C and 1200 �C maintained the original grain size.
However, the material forged after heating to 1000 �C showed

coarsening of the austenitic structure. The low deformation in
this region allows recrystallized grains to continue growing,
with growth being interrupted only when the grains meet their
neighboring grains also growing, a phenomenon known as
impingement.

Figure 13, 14, and 15 shows the final microstructure of the
forged wedges after heating to 1000 �C, 1100 �C, and 1200 �C,
respectively. The micrographs indicate the predominant forma-
tion of bainitic microstructures, with proeutectoid ferrite being
avoided under all analyzed conditions. The images reveal the
presence of granular bainite and lath bainite (Ref 24, 34-36).
With the magnification provided by SEM (scanning electron
microscopy), the microconstituents are more clearly identified:
bainitic ferrite appears in the darker areas, while carbon-rich
microconstituents stand out in the lighter or raised regions. The
refinement and complexity of the structures make it challenging
to identify the carbon-rich phases. The carbon-rich second
phase is a transformation product that can originate from
carbon-enriched austenite. It may consist of degenerated
pearlite, cementite debris, bainite, mixtures of incomplete
transformation products, martensite, retained austenite, or
martensite (Ref 37).

Granular bainite is a typical morphology of low-carbon
steels subjected to continuous cooling. Although microscopy
does not allow for precise identification of the carbon-rich
microconstituents, granular bainite is distinguished by the
absence of carbides in the microstructure, unlike conventional
bainites. During transformation, carbon partitions from bainitic
ferrite to the surrounding austenite, enriching and stabilizing
the austenite in carbon (Ref 38). As a result, the carbon-rich
microconstituent consists of aggregates of retained austenite
and martensite, commonly referred to as M/A (martensite/
austenite). Granular bainite is usually obtained through contin-

Fig. 11 Temperature distribution along the wedge section after forging
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uous cooling at moderate cooling rates, such as those observed
during air cooling (Ref 39, 40).

The impact of deformation on the microstructure is clearly
visible in the final micrographs of the wedges. In all analyzed
conditions, the less deformed regions (R1) exhibit a coarser
microstructure compared to the more deformed zones (R2 and
R3). Although the difference in microstructural refinement
between zones R2 and R3 is subtle, the microstructures in R3 are
generally more refined. Optical micrographs reveal that gran-
ular bainite predominates in regions R2 and R3. In contrast, the
less deformed region displays a microstructure consisting of
irregular ferrite grains accompanied by ferrite laths, indicating
the formation of upper bainite.

The presence of niobium in the steel plays a crucial role in
achieving the refined microstructure observed after forging. Nb
significantly delays austenite recrystallization and exerts a
solute drag effect on grain boundaries and dislocation move-
ment (Ref 41, 42), thereby contributing to the overall
refinement of the microstructure. Even additions in concentra-
tions below 0.04% by weight, as observed in the analyzed steel,
are sufficient to have a significant effect on the microstructure
(Ref 43).

3.5 Hardness

Figure 16 shows the hardness profile of the forged wedges
after heating to 1000, 1100, and 1200 �C. In all conditions,

Fig. 12 Prior austenitic structure of the forged wedges (picral etching, 500x magnification)
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there is a trend of increasing hardness along the wedge, from
the region with less deformation to the region with more
deformation. The hardness increase is moderate at 1000 and
1100 �C, but it becomes more pronounced in the wedge forged
at 1200 �C. At 1000 �C, the region with the least deformation
exhibits hardness between 240 and 300 HV, while in the region
with the most deformation, the hardness reaches around 350
HV. Overall, forging at 1100 �C resulted in a higher hardness
compared to the piece heated to 1000 �C, with maximum
values ranging between 375 and 390 HV. The piece forged at
1200 �C showed more consistent results, with less fluctuation

and a gradual increase in hardness. In this condition, hardness
values exceeding 400 HV were observed, with a maximum
value reaching 472 HV.

These results are consistent with previous studies. Silveira
et al. (Ref 9) observed a similar hardness trend in bainitic steel
DIN 18MnCrSiMo6-4 forged under the same conditions. The
authors noted that the reduction in heating and forging
temperature leads to a higher volumetric fraction of polygonal
ferrite, which lowers the steel�s hardness to values close to 300
HV. Cao et al. (Ref 44) demonstrated that, for the same cooling
rate, an increase in forging temperature enhances the strength of

Fig. 13 Micrographs of the forged wedge after heating to 1000 �C (2% nital etching, magnifications of 500x, 3000x, and 5000x)
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the bainitic microstructure. According to the authors, this effect
occurs due to the greater formation of lath bainite, rather than
granular bainite.

4. Summary of Results

Figure 17 summarizes the variation in hardness of the forged
wedges as a function of deformation, strain rate, and cooling
rate. During continuous cooling, the temperature of the pieces
remains relatively homogeneous, resulting in minimal variation
in the cooling rate. Thus, the cooling rate considered corre-

sponds to the thermal loss from the time the piece leaves the
furnace until the start of continuous cooling.

The graphs highlight the influence of strain rate on the final
hardness of the material. During processing at 1200 �C,
hardness increases as the strain rate rises, stabilizing at a
plateau at higher levels of deformation. This indicates that
under these conditions, a higher strain rate tends to result in
higher hardness values, especially at intermediate levels of
deformation. For forging at 1000 �C and 1100 �C, hardness
also benefits from a higher strain rate, though it is less sensitive
to small variations in parameters.

The graphs also suggest that controlling the cooling rate is
crucial for optimizing hardness, particularly at higher temper-

Fig. 14 Micrographs of the forged wedge after heating to 1100 �C (2% nital etching, magnifications of 500x, 3000x, and 5000x)
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atures and deformations. A more severe cooling increases the
hardness of bainite, as the bainitic transformation occurs at
lower temperatures. The reduction in transformation tempera-
ture refines the microstructure, resulting in increased material
strength (Ref 45).

The evaluation of the austenitization parameters demon-
strated that in the absence of plastic deformation, heating to
1200 �C significantly thickens the austenitic microstructure
compared to treatments at 1000 �C and 1100 �C (Fig. 3).
However, as shown in Fig. 12, when the material is subjected to
plastic deformation, the behavior changes. The increase in
temperature promotes dynamic recrystallization, so that after
thermomechanical processing, the structure obtained at T0 ¼
1200

�
C becomes as refined or even more refined than the

structures resulting from treatments at T0 ¼ 1000
�
C and

T0 ¼ 1100
�
C. This effect is even more pronounced in regions

that experienced higher deformations.
During hot forming, temperature, in combination with strain

and strain rate, directly influences recrystallization (Ref 46, 47).
The final microstructures of the wedges indicate that the
combination of these parameters did not compromise the
homogeneity of the recrystallized microstructure, even in
regions subjected to severe deformation. This suggests that
the deformation of bainitic steels in low-speed presses is
beneficial. In high-speed equipment, the combination of severe
deformation with high strain rates may result in incomplete
recrystallization of the material, compromising the mechanical
properties of the bainitic forging (Ref 48). As the strain rate

Fig. 15 Micrographs of the forged wedge after heating to 1200 �C (2% nital etching, magnifications of 500x, 3000x, and 5000x)
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increases, grain growth appears to be limited. This occurs
because the reduced formation time restricts the growth of
dynamically recrystallized grains under high strain rates (Ref
49).

5. Conclusions

The forgeability analysis of the microalloyed steel with the
composition 0.18C-1.38Mn-0.36Si-0.47Cr-0.03Mo-0.05Al-
0.04Nb-0.01Ti revealed the following results:

• The wedge tests revealed that hot forging followed by
continuous air cooling results in homogeneous microstruc-
tures, predominantly composed of granular bainite, with
the presence of lath bainite.

• Although the microstructure remains uniform under all
tested conditions, hardness profiles indicate that thermo-
mechanical parameters significantly affect the hardness of
the forged material.

• The steel demonstrated strong potential for applications in
hot forging followed by continuous cooling, offering an
economically and energetically efficient solution, eliminat-
ing the need for additional heat treatments.

Fig. 16 Hardness profiles of the forged wedges

Journal of Materials Engineering and Performance



• Due to the dimensions of the wedge test samples, the re-
sults are more applicable to small-volume or thin-walled
components. For larger components, which experience dif-
ferent cooling conditions, further investigation under simi-
lar conditions is required.
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