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Abstract: Thermomechanical processing of low carbon bainitic steels is used to obtain a bainitic
microstructure with good strength and toughness by continuous cooling after forging without
the need of further heat treating, hence reducing manufacturing costs. However, hot forging
parameters can significantly influence the microstructure in the forged material. A series of heat
treating and forging experiments was carried out to analyze the effect of austenitizing time and
temperature on the grain growth and the effect of forging temperature on the Prior Austenite Grain
Size (PAGS) and continuously cooled microstructure. The forged microstructures were characterized
by optical microscopy, microhardness tests, and X-ray diffraction. The results indicate that at 1200 ◦C
austenitizing temperature abnormal grain growth takes place. Forging temperature significantly
affects the PAGS and the subsequently formed microstructure. At high forging temperature (1200 ◦C),
an almost fully bainitic microstructure was obtained. As the forging temperature was reduced to 1100
and 1000 ◦C, the PAGS refined, while the polygonal ferrite faction increased and the amount of retained
austenite decreased. Further evaluations showed that a decrease in the forging temperature results in
a higher carbon concentration in solution in the retained austenite leading to a stabilization effect.

Keywords: thermomechanical processing; grain growth; forging; retained austenite;
bainitic microstructure

1. Introduction

In the last decade, the application of advanced bainitic steels in thermomechanical processing
(TMP) has gained significant importance [1]. Caballero et al. [2] presented a comprehensive study
of continuously cooled bainitic steels for automotive structural parts. Other authors [3–5] have also
studied the effect of different thermomechanical routes on the microstructure and mechanical properties
of bainitic steels. The implementation of TMP in forged components is complex. Different cooling rates
between the center and surface of the component can generate a heterogeneous microstructure [6,7],
restricting the TMP processing window. Hence, a significant number of articles focus on developing
steels with a chemical composition that enables them to obtain a bainitic microstructure using a broader
cooling range [8,9]. The use of continuous cooling can reduce the manufacturing costs by replacing
long isothermal treatments or even subsequent conventional quenching and tempering, therefore
decreasing significantly the thermal cycles and energy consumption [10].
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Thermomechanical processing comprehends controlled steps of austenitizing, plastic deformation,
and cooling. Thus, understanding how the process parameters affect recrystallization and the final
microstructure is crucial to ensure a well-defined processing window of forged components with
suitable mechanical properties. For instance, the use of an excessive high austenitizing temperature
can lead to strong grain coarsening and abnormal grain growth [11]. During the hot deformation,
temperature in combination with strain and strain rate affects directly the recrystallization.

Yang et al. [12] investigated the workability of a low carbon bainitic steel through processing map
analysis and showed that the amount of strain significantly affected the suitable hot deformations
parameters, also known as stable regions in a processing map. At lower deformation degree (0.2–0.4 true
strain), higher values of strain rate can be applied (5–10 s−1) without compromising the recrystallized
microstructure homogeneity. However, at higher levels of deformation (0.6–0.8), lower values of strain
rate must be applied (0.001–0.016 s−1) to avoid incomplete recrystallized regions, which can result in
poor mechanical properties. The Prior Austenite Grain Size (PAGS) significantly influences the packet
size and growth orientation of bainite [13–16]. PAGS also affects the formation of other phases, such as
Polygonal Ferrite (PF) [15,17,18] and martensite [19]. Therefore, non-homogeneous austenitic grain
size can lead to variations on the final microstructure after the cooling step. Consequently, the TMP
of bainitic steels requires further investigation to avoid undesirable microstructures related to grain
coarsening, incomplete recrystallization, and heterogeneous microstructure in the forged component.

Most of the work carried out on bainitic transformation has been concentrated on isothermal
forging conditions. Therefore, there is a lack of information regarding the thermomechanical processing
of bainitic steel in conditions similar to industrial hot forging. In this article, we discuss the effect of
austenitizing and forging parameters on the growth and recrystallization of PAGS and continuously
cooled microstructure of a low carbon bainitic steel through optical microscopy, microhardness,
and X-ray diffraction analysis.

2. Materials and Methods

For this work, hot rolled bars of a DIN 18MnCrSiMo6-4 (HSX 130) steel from Swisstec (Swiss
Steel), Emmenbrücke, Switzerland, with 43 mm of diameter were employed. The bars were directly
air-cooled after hot rolling. Table 1 gives the chemical composition of the steel, and the as-received
microstructure is shown in Figure 1.

Table 1. Chemical composition (in ma. %).

C Si Mn S Ni Cr Cu Mo Al Ti N Fe

0.18 1.19 1.42 0.015 0.063 1.17 0.10 0.27 0.005 0.004 0.01 BalanceMetals 2020, 10, x FOR PEER REVIEW 3 of 12 
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10, 20, and 40 min followed by rapid cooling to room temperature by water quenching to retain 
PAGS. The temperature of the sample at its core was monitored by inserted type K thermocouples. 
The holding time of 0 indicates the minimum time for the sample’s core to achieve the austenitizing 
temperature i.e. minimum soaking time. According to the material composition, 905 °C is the 
minimum temperature for a complete austenitization (Ac3). By using this temperature and the 
minimum soaking time, the resulted PAGS was estimated as the austenitic grain size of the material 
as received. For the remaining temperatures, by increasing the holding time from 0 to 40 min, both 
effects of temperature and time on the grain growth could be evaluated. 
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with a load cell and Linear Variable Differential Transformer (LVDT) to acquire force versus 
displacement curves during forging. Flat dies manufactured from hardened and tempered AISI H13 
steel were used for the upsetting. Graphite water solution was applied to the surfaces of the dies as a 
forging lubricant. To simulate temperature losses of an ongoing industrial process, the dies were pre-
heated by a resistance coil attached to the lower die (stationary); then, both dies were kept in contact 
for 1 h before forging to achieve temperatures around 250 and 180 °C for lower and upper die, 
respectively. The temperature losses between air and billet during transportation from the furnace to 
the press were quantified by type K thermocouples in the billet. The samples were submitted to a 
60% height reduction. Figure 2a shows the thermomechanical routes. Three different routes were 
applied, with heating temperatures of 1000, 1100, and 1200 °C, always with a holding time of 10 min 
after the sample’s core had reached the heating temperature set in the furnace (minimum soaking 
time). For each route, one sample was water quenched for PAGS analysis, and another one was 
cooled in calm air to characterize the continuous cooled microstructure. Figure 2b shows a 
macrograph of a forged sample as an example, after a height reduction of 60%. Due to the friction 
and thermal losses to the dies, the top and bottom regions of the samples presented were excluded 
for PAGS and phase quantification; only the center areas (red rectangle) were used in the analysis. 

Figure 1. Optical microscopy of the DIN 18MnCrSiMo6-4 as-received microstructure.
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2.1. Grain Growth Evaluation on the Austenitizing Step for the Hot Forging

To analyze the effect of temperature and time on the grain growth, quarter-circle specimens with
21.5-mm radius and 10-mm thickness were machined from the steel bars. The small size was adopted to
avoid significant temperature gradients during heating. The experiments consisted in an austenitizing
step at temperatures of 905, 1000, 1100, and 1200 ◦C with different holding times of 0, 10, 20, and 40 min
followed by rapid cooling to room temperature by water quenching to retain PAGS. The temperature of
the sample at its core was monitored by inserted type K thermocouples. The holding time of 0 indicates
the minimum time for the sample’s core to achieve the austenitizing temperature i.e. minimum soaking
time. According to the material composition, 905 ◦C is the minimum temperature for a complete
austenitization (Ac3). By using this temperature and the minimum soaking time, the resulted PAGS
was estimated as the austenitic grain size of the material as received. For the remaining temperatures,
by increasing the holding time from 0 to 40 min, both effects of temperature and time on the grain
growth could be evaluated.

2.2. Hot Forging Experiments and Microstructure Evaluation

For the hot forging experiments, billets with 38-mm diameter and 54-mm height were machined
from hot rolled steel bars. Forging was carried out in a 40-tonf (356-kN) hydraulic press equipped with
a load cell and Linear Variable Differential Transformer (LVDT) to acquire force versus displacement
curves during forging. Flat dies manufactured from hardened and tempered AISI H13 steel were used
for the upsetting. Graphite water solution was applied to the surfaces of the dies as a forging lubricant.
To simulate temperature losses of an ongoing industrial process, the dies were pre-heated by a resistance
coil attached to the lower die (stationary); then, both dies were kept in contact for 1 h before forging to
achieve temperatures around 250 and 180 ◦C for lower and upper die, respectively. The temperature
losses between air and billet during transportation from the furnace to the press were quantified by
type K thermocouples in the billet. The samples were submitted to a 60% height reduction. Figure 2a
shows the thermomechanical routes. Three different routes were applied, with heating temperatures of
1000, 1100, and 1200 ◦C, always with a holding time of 10 min after the sample’s core had reached the
heating temperature set in the furnace (minimum soaking time). For each route, one sample was water
quenched for PAGS analysis, and another one was cooled in calm air to characterize the continuous
cooled microstructure. Figure 2b shows a macrograph of a forged sample as an example, after a height
reduction of 60%. Due to the friction and thermal losses to the dies, the top and bottom regions of
the samples presented were excluded for PAGS and phase quantification; only the center areas (red
rectangle) were used in the analysis.Metals 2020, 10, x FOR PEER REVIEW 4 of 12 

 

 
Figure 2. (a) Thermomechanical routes. tsmin, minimum soaking time. (b) Half-section macrograph of 
the forged sample. The red rectangle indicates the analyzed area. The yellow circle labeled 1 indicates 
the position from where the micrographs shown in this work were taken. 
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and etched by immersion in a Nital 2% solution for 10 s. For PAGS characterization, a saturated 
aqueous picric acid solution was used. The etchant consists of wetting agent (42 mL), distilled water 
(58 mL), and picric acid (2.3 g). The samples were etched by swabbing for 5 min. 

The circular intercept procedure was adopted for the PAGS quantification [23]. From 6 to 12 
images were used to achieve a good statistical significance, and the evaluations were performed with 
the Omnimet 9.8 Software from Buehler, IL, USA [24]. The ferrite quantification was carried out with 
the ImageJ Software after the binarization of the images from optical microscopy (OM). Vickers 
microhardness was measured using an INSIZE ISH-TDV 1000 microhardness tester according to 
ASTM standard E384 [25]. For each forged sample, thirty measurements were performed with a load 
of 1 kgf for 10 s at different testing positions of the samples to obtain a mean hardness value. Further 
tests were carried out with a lower load of 0.1 kgf applied for 10 s to evaluate the hardness of each 
microconstituent of the microstructure. Three measurements were performed per microconstituent. 
For all hardness tests, a distance larger than the recommended indentations spacing was adopted to 
assure no interference between measurements. 

The Retained Austenite (RA) fraction was quantified using X-Ray Diffraction (XRD) analysis. 
Before the analysis, all samples were electropolished to remove approximately 100 µm in order to 
eliminate the possible effects of mechanical preparation. The measurements were performed with a 
GE-Analytical X-ray MZ VI E Diffractometer with Cr-Kα radiation with a wavelength of 2.2897 Å. A 
2θ range of 60–164° was adopted to obtain the {111}, {200}, and {220} austenite peaks and {110}, {200}, 

Figure 2. (a) Thermomechanical routes. tsmin, minimum soaking time. (b) Half-section macrograph of
the forged sample. The red rectangle indicates the analyzed area. The yellow circle labeled 1 indicates
the position from where the micrographs shown in this work were taken.



Metals 2020, 10, 601 4 of 11

2.3. Critical Strain

Based on the true flow stress curves from the hot forging experiments, the onset of dynamic
recrystallization (DRX) can be determined by the double-differentiation technique proposed by Poliak
and Jonas [20]. Equation (1) shows the basic equation for the strain hardening effect, where θ is the
strain hardening rate, σ is the flow stress, and φ is the true strain.

θ =∂σ/∂φ (1)

The Poliak and Jonas approach identifies the beginning of the DRX as an inflection point of the
strain hardening rate. This inflection point is more easily seen as a minimum on the −(∂θ/∂σ) vs. σ
plot [21]. This minimum value corresponds to critical stress, which is equivalent to a critical strain,
where strain hardening rates reach a minimum value indicating the recrystallization start acting point.

2.4. Metallurgical Characterization

Metallographic samples parallel to the compression direction from the forged billets and from the
hot rolled bars (as-received microstructure) were prepared following standard procedures [22] and
etched by immersion in a Nital 2% solution for 10 s. For PAGS characterization, a saturated aqueous
picric acid solution was used. The etchant consists of wetting agent (42 mL), distilled water (58 mL),
and picric acid (2.3 g). The samples were etched by swabbing for 5 min.

The circular intercept procedure was adopted for the PAGS quantification [23]. From 6 to 12
images were used to achieve a good statistical significance, and the evaluations were performed with
the Omnimet 9.8 Software from Buehler, IL, USA [24]. The ferrite quantification was carried out
with the ImageJ Software after the binarization of the images from optical microscopy (OM). Vickers
microhardness was measured using an INSIZE ISH-TDV 1000 microhardness tester according to ASTM
standard E384 [25]. For each forged sample, thirty measurements were performed with a load of
1 kgf for 10 s at different testing positions of the samples to obtain a mean hardness value. Further
tests were carried out with a lower load of 0.1 kgf applied for 10 s to evaluate the hardness of each
microconstituent of the microstructure. Three measurements were performed per microconstituent.
For all hardness tests, a distance larger than the recommended indentations spacing was adopted to
assure no interference between measurements.

The Retained Austenite (RA) fraction was quantified using X-ray Diffraction (XRD) analysis.
Before the analysis, all samples were electropolished to remove approximately 100 µm in order to
eliminate the possible effects of mechanical preparation. The measurements were performed with a
GE-Analytical X-ray MZ VI E Diffractometer with Cr-Kα radiation with a wavelength of 2.2897 Å.
A 2θ range of 60–164◦ was adopted to obtain the {111}, {200}, and {220} austenite peaks and {110}, {200},
and {211} ferrite peaks, with a 0.05◦ step size. The retained austenite (RA) phase quantification was
done with the Rietveld refinement software TOPAS version 4.2 (Bruker AXS, Karlsruhe, Germany) [26].

3. Results and Discussion

3.1. Grain Growth

Figure 3a shows the evolution of PAGS as a function of temperature and time. PAGS of the
as-received material (indicated as the gray dashed line), was found to be 24 µm. At 1000 ◦C, a slight
growth was observed at 40 min of holding time (≈4 µm) in comparison to the initial grain size.
At 1100 ◦C, no growth was noticed at time t = 0 min and 10 min. A sharper growth was observed at
20 min, followed by a stabilization of the grain size at t = 40 min. At 1200 ◦C and t = 0 min, the grain
showed an increase of ≈20 µm with the highest growth between 10 and 20 min and a stabilization of
the grain size at 40 min, similar to 1100 ◦C. However, at 1200 ◦C, PAGS had a significant data dispersion
(indicated by the error bars). This dispersion happened because larger grains than those of the matrix
are present in the microstructure, as indicated in highlighted in red in Figure 3b.
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Figure 3. (a) Effect of temperature and holding time on austenitic grain; and (b) PAGS microstructure
after austenitizing at 1200 ◦C with 0 min of holding time, indicating the presence of abnormal grain.
Highlighted grain has a mean size of 200 µm and the matrix 45 µm.

This heterogeneity in the grain size indicates that abnormal grain growth took place at 1200 ◦C;
however, this affect was not observed at lower temperatures. The abnormal grain growth may be
associated with the dissolution of precipitates formed by microalloying elements such as Ti, N, and Al
present in the steel [27]. Based on the chemical composition of the steel and solubility equations for
precipitates in austenite [28], the temperature for total dissolution can be calculated for carbides such
as TiC (907 ◦C) and nitrides such as TiN (1339 ◦C) and AlN (1004 ◦C). These precipitates inhibit the
growth of the austenitic grains due to pinning effect [29]. The presence of impurities such as S also
promotes the formation of sulfites such as MnS (1701 ◦C), which can act as a barrier to the grain growth
as well [30]. However, as the temperature rises, these precipitates can be totally or partially dissolved
in the austenite or even coalesce, as may be the case with MnS bands. Hence, the pressure exerted
by the pin particles decreases, leading to excessive grain growth, resulting in a nonhomogeneous
microstructure [11,31–33].

3.2. Effect of the Hot Deformation Temperature

3.2.1. Austenitic Grain Refinement

Figure 4 shows the morphology of the PAGS immediately after the hot deformation step.
The deformation at 1000 and 1100 ◦C (Figure 4a,b, respectively) resulted in similar refinement,
achieving PAGS approximately 50% smaller than the material in its initial state. The resulting PAGS of
the forging at 1200 ◦C showed a similar size to the material in its initial state, indicating no refinement
of the austenitic grain by forging at this temperature (Figure 4c).

Metals 2020, 10, x FOR PEER REVIEW 6 of 12 

 

forging at 1200 °C showed a similar size to the material in its initial state, indicating no refinement of 
the austenitic grain by forging at this temperature (Figure 4c). 

 

Figure 4. Optical microscopy of the PAGS after hot deformation with 60% of reduction at (a) 1000 °C; 
(b) 1100 °C; and (c) 1000 °C Tf, forging temperature; FD, forging direction. 

3.2.2. Critical Strain 

Figure 5a shows the flow stress curves from the hot forging experiments indicating the critical 
strain for the onset of DRX, while Figure 5b shows the −(∂θ ∂σ⁄ )	 versus ߪ, where the minimum 
values correspond to the critical stress for the beginning of DRX. 

 

Figure 5. (a) Flow stress curves of the hot forging experiments with the critical strain for the onset of 
the DRX; and (b) −(∂θ ∂σ⁄ )	 versus ߪ curve, where the minimum value corresponds to the critical 
stress. 

Figure 5 shows that, as the forging temperature increases, the required strain necessary to initiate 
the DRX decreases. The hot forging at 1200 °C presented a smaller critical strain for the initiation of 
the DRX, and, as the forging temperature decreases to 1100 and 1000 °C, a higher degree of 
deformation was required to start the recrystallization. Although an increase in temperature 
decreased the critical strain for recrystallization (due to an increase of the internal energy), larger 
initial grain sizes had the opposite effect by decreasing grain boundary area, which are preferred 
nucleation sites [34].  

A comparison between the flow stresses curves (Figure 5a) and PAGS (Figure 4) from the forging 
experiments show that an increase in the forging temperature reduces the flow stress and results in 
a larger PAGS. This is expected since PAGS during forging is associated to the strain rate and flow 
stress shape, which is controlled by the temperature [35]. Moreover, increasing the forging 
temperature means more time during cooling at temperatures where grain growth occurs, leading to 
a larger PAGS when the phase transformation starts. Even though recrystallization was observed at 
1200 °C, the microstructure was subjected to longer periods at temperatures where grain growth 
occurred. As a result, the austenite grains grew sufficiently, reaching a similar size to PAGS of the as-
received microstructure. 

Figure 4. Optical microscopy of the PAGS after hot deformation with 60% of reduction at (a) 1000 ◦C;
(b) 1100 ◦C; and (c) 1000 ◦C Tf, forging temperature; FD, forging direction.



Metals 2020, 10, 601 6 of 11

3.2.2. Critical Strain

Figure 5a shows the flow stress curves from the hot forging experiments indicating the critical
strain for the onset of DRX, while Figure 5b shows the −(∂θ/∂σ) versus σ, where the minimum values
correspond to the critical stress for the beginning of DRX.
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Figure 5 shows that, as the forging temperature increases, the required strain necessary to initiate
the DRX decreases. The hot forging at 1200 ◦C presented a smaller critical strain for the initiation of the
DRX, and, as the forging temperature decreases to 1100 and 1000 ◦C, a higher degree of deformation
was required to start the recrystallization. Although an increase in temperature decreased the critical
strain for recrystallization (due to an increase of the internal energy), larger initial grain sizes had the
opposite effect by decreasing grain boundary area, which are preferred nucleation sites [34].

A comparison between the flow stresses curves (Figure 5a) and PAGS (Figure 4) from the forging
experiments show that an increase in the forging temperature reduces the flow stress and results
in a larger PAGS. This is expected since PAGS during forging is associated to the strain rate and
flow stress shape, which is controlled by the temperature [35]. Moreover, increasing the forging
temperature means more time during cooling at temperatures where grain growth occurs, leading
to a larger PAGS when the phase transformation starts. Even though recrystallization was observed
at 1200 ◦C, the microstructure was subjected to longer periods at temperatures where grain growth
occurred. As a result, the austenite grains grew sufficiently, reaching a similar size to PAGS of the
as-received microstructure.

3.2.3. Continuously Cooled Microstructure

Figure 6 shows the microstructures and overall hardness of the samples forged and directly cooled
by calm-air to room temperature in comparison with the as-received material. Figure 6a shows the
as-received microstructure composed mainly of Granular Bainite (GB), which is characterized by
Bainitic Ferrite (BF) (white regions) between the blocky RA and martensite/austenite (M/A) shown as
the darker regions in the figure. The Polygonal Ferrite (PF) is revealed as a massive white block. The hot
forging at 1200 ◦C (Figure 6b) resulted in a GB microstructure with a small portion of PF. As the forging
temperature decreased to 1100 ◦C, as indicated in Figure 6c, the fraction of PF increased. Figure 6d
shows the resulting microstructure after forging at 1000 ◦C composed by a high fraction of PF, small
fractions of GB, and an additional microconstituent highlighted in yellow (MC). The microhardness
tests results for the microconstituents are 301, 407, and 495 HV 0.1 for PF, GB, and MC, respectively.
The latter presents a similar morphology to martensite [36]. Moreover, its hardness is approximately
90 HV 0.1 higher than the GB, indicating that this may indeed be martensite.
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Figure 6. Optical microscopy of (a) as-received condition and forged samples cooled in calm air:
(b) forged at 1200 ◦C; (c) forged at 1100 ◦C; and (d) forged at 1000 ◦C. PF, polygonal ferrite; GB, granular
bainite; MC, third microconstituent; RA, retained austenite; MA, martensite/austenite; BF, bainitic
Ferrite; FD, forging direction.

Deformation can significantly affect the PF formation [37]. The increase dislocation density caused
by the plastic deformation leads to more unstable austenite. Usually, this instability is countered
by recovery and recrystallization. The latter refines the austenite grain, increasing the total area
of the austenitic grain boundaries. The boundaries are the preferred sites for the ferrite nucleation
during the cooling [15,38,39]. Thus, a higher quantity of PF can be formed from a microstructure with
smaller PAGS. Moreover, the increase of defects caused by the plastic deformation also elevates the
temperature of austenite–ferrite transformation A3. Therefore, hot forging at the lowest temperature
of 1000 ◦C not only increased the number of possible nucleation sites but also favored the beginning of
the transformation is closer to the A3 temperature of the steel [37].

The polygonal ferrite formation during cooling can affect the bainite formation in two different
ways. As reported by Quidort and Brechet [40], the formation of a small fraction of ferrite at grain
boundaries (less than 10%) increases the number of nucleation sites. Since the grain boundaries are
also the preferred site for bainite nucleation, the presence of ferrite may accelerate the bainitic reaction.
However, Zhu et al. [33] reported that, as the ferrite nucleates and grows, the carbon and other alloys
diffuse to the remaining austenite (partitioning process). However, due to the diffusion limitation
during the cooling, this enrichment is not homogeneous, resulting in an austenite–ferrite interface
with a higher concentration of these elements and regions distant from the interfaces with a chemical
composition closer to the initial composition shown in Table 1. This chemical heterogeneity in the
austenite would inhibit the bainitic transformation at the interfaces (higher carbon and alloy content),
while facilitating the martensite reaction at the center regions of the remained austenite with lower
carbon and alloy content. Lambert et al. [41] also found martensite at the center of austenitic grain,
indicating a similar chemical variation in the austenite and, by Transmission Electron Microscope
(TEM), identified dislocations in the interior of the austenite which could initiate the martensite
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formation. This indicates that the microconstituent highlighted in yellow in Figure 6d could indeed
be martensite.

Figure 7 shows the polygonal ferrite obtained by OM quantification, and the RA fraction obtained
by the XRD analysis of the forged samples. Forging at 1000 ◦C resulted in 30% of PF, 6% of RA,
and a small parcel of GB. As temperature increased, the PF fraction decreased, and RA and GB
increased. At 1200 ◦C, the PF reduced to almost zero, resulting in a GB microstructure with 10% of
RA. RA in the microstructure is mainly related to the carbide suppression caused by Si in the steel,
resulting in a carbide free bainitic microstructure with stable RA at room temperature due to the carbon
partitioning [42]. This result indicates that RA stability is closely related to the GB presence in the
microstructure. With the PF formation at lower forging temperatures, a higher RA stability should be
expected, increasing the RA fraction. However, the lowest fraction of RA is found in the microstructure
with higher quantities of PF. This low fraction is possibly related to martensite formation at the austenite
regions with lower carbon and alloying elements content. With the increase of forging temperature,
a higher fraction of GB is formed, favoring the formation of RA during bainitic transformation.
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Based on the retained austenite lattice parameter obtained from the TOPAS Rietveld method, the
average carbon content of the RA was calculated according to Dyson and Holmes’s equation [43].
Figure 7 shows that, at 1000 ◦C, RA reached 1.2 ma. % of carbon; as the forging temperature increased,
the carbon concentration reduced to 1 ma. % and 0.8 ma. % at 1100 and 1200 ◦C, respectively.
This result shows that, despite the lowest fraction of RA at 1000 ◦C, the resulting austenite is highly
carbon enriched. According to Xiong et al. [44], this heterogeneous chemical composition favors the
formation of a high carbon blocky RA at the austenite/ferrite interface. At the same time, the austenite
regions with lower carbon would transform to martensite, as explained above. At higher forging
temperature, since lower quantities of PF forms and no martensite appears, the RA is enriched only by
the GB formation.

3.2.4. Summary of the Microstructure Characterization

In this study, the effect of austenitizing temperature and forging temperature on the microstructure
of bainitic steel was investigated using stress–strain curves and microstructure analysis. Table 2
shows the main results of thermomechanical processed samples at different forging temperatures.
The characterization shows that the forging temperature resulted in different PAGS and significantly
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affected the phases fraction and the RA carbon content in solution. This means that, by changing
the forging temperature, a range of microstructures can be obtained without modifying the cooling
parameters. At 1000 ◦C, the smallest PAGS and the highest fraction of PF were achieved with the
presence of a third microconstituent with superior hardness. Moreover, the lowest fraction of RA and
GB were obtained. Forging at 1100 ◦C resulted in similar PAGS refinement with a reduction in the
PF fraction and an increase in RA and GB fractions. At 1200 ◦C, PAGS shows similar size with the
material as received, and the microstructure obtained is almost entirely bainitic with small fractions of
PF and higher quantities of RA.

Table 2. Summary of the microstructure characterization.

Forging
Temperature

PAGS
(µm) Microstructure PF Fraction

(vol. %)
RA

(vol. %)
CRA Content

(ma. %)
Overall Hardness

(HV 1)

As received 24 ± 3.2 GB + PF 3.5 ± 1.8 10.5 0.8 313 ± 8
1000 ◦C 11 ± 1.7 PF + MC + GB 30.0 ± 5.8 6.3 1.2 328 ± 18
1100 ◦C 13 ± 3.0 GB + PF 20.0 ± 5.4 8.8 1.0 324 ± 19
1200 ◦C 28 ± 5.3 GB + PF 1.3 ± 0.8 10.1 0.8 343 ± 14

4. Conclusions

• Heat treating experiments with different austenitizing temperatures and holding times were
carried out to evaluate the prior austenite grain size. The prior austenite grain size results
show that an austenitizing temperature of 1200 ◦C promoted a significant grain growth and the
presence of abnormal grain growth, however, abnormal grain growth was not identified at 1100
and 1000 ◦C.

• The temperature also affected the prior austenite grain size after the hot forging, which affected
the phase fractions in the final continuous cooling microstructure, especially the polygonal
ferrite formation.

• X-ray diffraction analysis showed that the fraction of retained austenite was reduced as the forging
temperature decreased due to the formation of higher quantities of polygonal ferrite. Moreover,
the carbon content increased in austenite due to the growth of polygonal ferrite during cooling.

• Hot forging at 1000 ◦C promoted the formation of 30% of polygonal ferrite, resulting in a chemical
heterogeneity of the remaining austenite, leading to martensite formation at the austenite regions
with lower carbon and alloying elements.

• The granular bainite formation and retained austenite fraction are favored in the coarser austenitic
microstructure obtained at higher hot forging temperatures.
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