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Abstract: In this paper, the effect of batch-annealing temperature on the oxidation of 22MnB5 steel
during austenitizing was studied. When the batch-annealing temperature was decreased from
690 to 680 ◦C, the surface roughness of cold-rolled 22MnB5 steel decreased, which reduced the oxide
layer thickness during the subsequent austenitizing process and had little effect on the mechanical
properties in the cold-rolled and quenched state. This indicated that oxidation during austenitizing
could be reduced by properly reducing the batch-annealing temperature without affecting the
mechanical properties.
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1. Introduction

Hot stamping is ideal for processing high-strength steel used in automotive structural
parts [1–3]. During hot stamping, steel is subjected to high-temperature processes such
as austenitizing, which make it prone to oxidation [4]. Oxide scales will increase the
loss of steel, cause iron oxide to press into the steel surface, cause wear and tear on
the die, and reduce the service life of hot stamping equipment [5]. Oxidation can often
be decreased by adjusting the hot-stamping process [6,7], by alloying [8,9], or by using
protective measures [10–12]. Zhao et al. [13] designed a new hot-stamping steel with a high
Cr: Si ratio. A dense Cr/Si oxide layer was formed, which prevented oxygen ions from
entering the steel surface for further oxidation. Mori et al. [14] observed that oxidation
during hot stamping was prevented by coating sheets with oxidation-preventative oil.
However, the influence of the original material (cold-rolled sheet) on oxidation during hot
stamping was ignored. The production process of cold-rolled coils is hot rolling→ pickling
→ cold rolling→ batch annealing→ leveling [15,16]. All-hydrogen batch annealing of cold
rolling can eliminate the residual stress, obtain recrystallized grains, and obtain a bright
and smooth surface [17,18]. Thus, changing the batch-annealing process will change the
microstructure [19,20], mechanical properties [21,22], and surface roughness [23,24] after
batch annealing; these, in turn, may affect the microstructure, mechanical properties, and
the oxide decarburized layer after austenitizing. A hot-stamping parts production company
found that the oxide scale in the hot-stamping process decreased when the initial cold-
rolled sheet’s batch-annealing temperature decreased. Therefore, the influence of batch
annealing on oxidation and decarburization in the austenitizing process or hot stamping is
worthy of attention. In this paper, the effect of the batch-annealing temperature during cold
rolling on the microstructure, mechanical properties, and especially oxidation of 22MnB5
steel during subsequent austenitizing was studied, and its reasons for the difference in
oxidation were also discussed.

Metals 2023, 13, 1011. https://doi.org/10.3390/met13061011 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13061011
https://doi.org/10.3390/met13061011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-7775-2230
https://doi.org/10.3390/met13061011
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13061011?type=check_update&version=1


Metals 2023, 13, 1011 2 of 8

2. Materials and Methods

The material used in this experiment was a 22MnB5 (C~0.24%, Mn~1.17%, Si~0.24%,
Cr~0.25%, B~0.001%, wt.%) cold-rolled coil produced by a steel company. The cold-rolled
sample #1 (batch-annealing temperature: 690 ◦C) and sample #2 (batch-annealing temper-
ature: 680 ◦C) were obtained by adjusting the all-hydrogen batch-annealing temperature
of the hard-rolled coil. The cold-spot temperatures of hard-rolled coils in batch annealing
were set separately at 650 ◦C and 660 ◦C. The hot-spot temperatures were set at 680 ◦C
and 690 ◦C, with a longer holding time (12 h). The hydrogen flow rate in the furnace
was varied according to the needs, about 20–30 m3/h. After the insulation was finished,
the inner cover was cooled by an air blower to 380 ◦C and then the inner cover was
cooled by water spraying. The annealing process was finished when the temperature was
50 ◦C. A schematic diagram of a batch-annealing furnace (EBNER, Linz, Austria) and cold
and hot temperature curves are shown in Figure 1. Then, the cold-rolled samples were
austenitized by holding at 920 ◦C for 5 min and then quenched in oil to obtain quenched
samples #1 and #2.

Metals 2023, 13, x FOR PEER REVIEW 2 of 8 
 

 

2. Materials and Methods 
The material used in this experiment was a 22MnB5 (C~0.24%, Mn~1.17%, Si~0.24%, 

Cr~0.25%, B~0.001%, wt.%) cold-rolled coil produced by a steel company. The cold-rolled 
sample #1 (batch-annealing temperature: 690 °C) and sample #2 (batch-annealing temper-
ature: 680 °C) were obtained by adjusting the all-hydrogen batch-annealing temperature 
of the hard-rolled coil. The cold-spot temperatures of hard-rolled coils in batch annealing 
were set separately at 650 °C and 660 °C. The hot-spot temperatures were set at 680 °C and 
690 °C, with a longer holding time (12 h). The hydrogen flow rate in the furnace was varied 
according to the needs, about 20–30 m3/h. After the insulation was finished, the inner cover 
was cooled by an air blower to 380 °C and then the inner cover was cooled by water spray-
ing. The annealing process was finished when the temperature was 50 °C. A schematic 
diagram of a batch-annealing furnace (EBNER, Linz, Austria) and cold and hot tempera-
ture curves are shown in Figure 1. Then, the cold-rolled samples were austenitized by 
holding at 920 °C for 5 min and then quenched in oil to obtain quenched samples #1 and 
#2. 

 
Figure 1. Schematic diagram of batch-annealing furnace (a) and cold and hot temperature curves 
(b). 

The mechanical properties of cold-rolled and quenched samples were tested by an 
MTS universal testing machine (MTS Systems Inc., Eden Prairie, MN, USA), and the par-
allel section was 30 mm × 5 mm × 2 mm. The microstructures of cold-rolled and quenched 
samples were observed by optical microscopy (OM) (Leica, Vizsla, Germany). The surface 
morphology and roughness of the samples were observed by laser confocal microscopy 
(Lasertec, Yokohama, Japan). The oxidation weight gain curves of the samples were ob-
tained by a thermos gravimetric analyzer (NETZSCH, Bavaria, Germany) in an alumina 
crucible. To reduce the errors, the balance was calibrated before the test, and blank curves 
were obtained according to the experimental conditions. All samples were tested in the 
same period, and each group of samples had three parallel samples. The samples were 
heated from room temperature to 920 °C at a rate of 20 °C/min and held at that tempera-
ture for 30 min. Samples were protected during heating by nitrogen gas with a flow rate 
of 100 mL/min, and the samples were oxidized by mixed air (N2:O2 = 4:1) during the heat-
preservation process. 

3. Results and Discussion 
Figure 2 shows the morphology of the decarburized layer (Figure 2a,c) and oxide 

layer (Figure 2b,d) after holding at 920 °C for 5 min. The sample sections after heat treat-
ment were inlaid by cold mounting. The oxide skin and the matrix are not tightly bound 

Figure 1. Schematic diagram of batch-annealing furnace (a) and cold and hot temperature curves (b).

The mechanical properties of cold-rolled and quenched samples were tested by
an MTS universal testing machine (MTS Systems Inc., Eden Prairie, MN, USA), and the
parallel section was 30 mm × 5 mm × 2 mm. The microstructures of cold-rolled and
quenched samples were observed by optical microscopy (OM) (Leica, Vizsla, Germany).
The surface morphology and roughness of the samples were observed by laser confocal
microscopy (Lasertec, Yokohama, Japan). The oxidation weight gain curves of the sam-
ples were obtained by a thermos gravimetric analyzer (NETZSCH, Bavaria, Germany) in
an alumina crucible. To reduce the errors, the balance was calibrated before the test, and
blank curves were obtained according to the experimental conditions. All samples were
tested in the same period, and each group of samples had three parallel samples. The
samples were heated from room temperature to 920 ◦C at a rate of 20 ◦C/min and held
at that temperature for 30 min. Samples were protected during heating by nitrogen gas
with a flow rate of 100 mL/min, and the samples were oxidized by mixed air (N2:O2 = 4:1)
during the heat-preservation process.

3. Results and Discussion

Figure 2 shows the morphology of the decarburized layer (Figure 2a,c) and oxide layer
(Figure 2b,d) after holding at 920 ◦C for 5 min. The sample sections after heat treatment
were inlaid by cold mounting. The oxide skin and the matrix are not tightly bound and easy
to separate, so the resin enters the interface between the oxide skin and the matrix during
cold mounting. The average thicknesses of the decarburized layers of quenched samples #1
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and #2 were 21.9 µm and 20.1 µm, and the average thicknesses of the oxidized layers were
58.5 µm and 41.4 µm, respectively. When the batch-annealing temperature decreases from
690 to 680 ◦C, the average thicknesses of the decarburized layers of quenched #1 and #2
samples were not significantly different, while the average thickness of the oxide layer of
quenched sample #1 was larger than that of sample #2. Thus, reducing the batch-annealing
temperature had little effect on the decarburized layer of 22MnB5 steel, but it did reduce the
thickness of the oxide layer, which is favorable for the hot stamping of bare sheets. In the
next part of the study, we investigated the factors responsible for the different oxide-layer
thicknesses of quenched samples #1 and #2.
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First, the effect of the batch-annealing temperature on the microstructure and me-
chanical properties of cold-rolled and quenched 22MnB5 steel was analyzed. Figure 3a,c
show the cold-rolled microstructure of samples #1 and #2, which are composed of spheri-
cal pearlite and ferrite. Compared with sample #1, the spherical cementite in sample #2
occurred during segregation, which decreased the microstructure uniformity after cold
rolling. This is because, after reducing the annealing temperature from 690 to 680 ◦C, the
diffusion speed of the carbon in the cold-rolled #2 sample slowed down, and segregation
of the cementite occurred during its formation due to slow diffusion. Figure 3b,d show the
quenched structures of samples #1 and #2 after austenitizing. After quenching, there was
little difference between the structure of samples #1 and #2, which were composed of fine
lath martensite. This indicates that reducing the batch-annealing temperature from 690 to
680 ◦C has less effect on the microstructure of 22MnB5 steel after austenitizing.

The mechanical properties of cold-rolled and quenched samples #1 and #2 are shown
in Figure 4. The ultimate tensile strength (UTS), yield strength (YS), and elongation of
cold-rolled in sample #1 were 513 MPa, 331 MPa, and 33%, while for cold-rolled sample
#2, the measurements were 512 MPa, 333 MPa, and 33%, respectively. It can be seen that
although the microstructure uniformity of cold-rolled sample #2 decreased compared with
that of sample #1, its mechanical properties were not decreased. The tensile strength and
yield strength of quenched sample #2 were slightly increased to 1482 MPa and 1092 MPa,
respectively, compared with that of quenched sample #1, which were 1467 MPa and
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1092 MPa, while the elongations of both were 10%. Thus, when the batch-annealing
temperature decreased from 690 to 680 ◦C, the mechanical properties of the cold-rolled and
quenched samples changed only slightly, indicating that the mechanical properties are not
affected by reducing the annealing temperature properly. To sum up, after reducing the
batch-annealing temperature from 690 to 680 ◦C, the uniformity of the cold-rolled structure
was reduced but had little effect on the cold-rolled and quenched mechanical properties of
22MnB5 steel.
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The batch-annealing temperature may also affect the surface roughness of cold-rolled
sheets. Next, the surface roughness and three-dimensional surface morphology of cold-
rolled samples were analyzed, and the results are shown in Figure 5. Figure 5 shows
that the linear roughness of cold-rolled samples #1 and #2 was 1.975 µm and 1.496 µm,
respectively, and the fluctuation of the three-dimensional surface topography of sample #1
was greater than that of sample #2. Moreover, the surface roughness of cold-rolled samples
#1 and #2 was 1.601 µm and 1.252 µm. Those results showed that properly reducing
the batch-annealing temperature improved the surface quality of the cold-rolled coil and
obtained a lower surface roughness. There are three main reasons for the influence of full
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hydrogen batch-annealing temperature on the surface roughness of cold-rolled sheets. First,
it will affect the oxidation-reduction effect of hydrogen on the surface metal of a hard-rolled
coil [25]. Second, it will affect the release of internal stress and static recrystallization during
batch annealing, which will cause grain rotation and local plastic deformation [26,27]. Third,
the higher the annealing temperature, the greater the temperature difference and thermal
stress, and the reduced iron powder is easier to bond on the surface of the steel plate, thus
affecting surface roughness.
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To further confirm the effect of surface roughness on oxidation during austenitizing,
the oxidation weight gain curves of cold-rolled samples #1 and #2 and cold-rolled samples
#1 and #2 polished with 600 mesh sandpaper were obtained by thermogravimetric analysis.
The results are shown in Figure 6. After being polished with 600 mesh sandpaper, the
surface roughness of the cold-rolled #1 and #2 samples was similar (2.215 µm and 2.289 µm,
respectively), and the oxidation weight gain curves of the two samples almost coincided.
The #1 and #2 cold-rolled samples polished with 600-mesh sandpaper have different
microstructures but the same surface quality, while their oxidation weight gain curves
almost coincide, indicating that slight microstructure difference caused by the reduction of
the batch-annealing temperature will not cause oxidation differences when there is little
difference in surface roughness. The oxidation weight gain of the unpolished cold-rolled #1
sample was greater than that of the #2 sample, showing that a higher surface roughness
rather than microstructure differences increased the oxidation rate and oxidation weight
gain, which is consistent with the experimental results in Figure 2. Therefore, these can
prove that the difference in oxidation during austenitizing is caused by the difference in
surface quality rather than the slight microstructure difference caused by an increase in
batch-annealing temperature. The greater the surface roughness of the sample, the greater
the surface fluctuations, the larger the actual surface area in contact with the air, and
the more oxygen ions that can diffuse into the matrix. These will increase the oxidation
intensity and result in a greater weight gain during oxidation [28]. As can be seen from the
cross-section diagram of the oxide layer in Figure 1, the outer surfaces of the oxide layers of
samples #1 and #2 were relatively smooth due to their relationship with interfacial energy.
The oxide layer at the concave valley on the sample surface was thicker than that at the
convex peak because the concave valley could absorb more oxygen ions and provide more
diffusion channels [29]. The wavy morphology of the oxide layer increased the internal
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stress of the oxide film, making it easier for cracks at the interface between the oxide film
and matrix to expand [30,31]. Therefore, during oxidation, the oxide film on a rough surface
was more likely to peel off than the oxide film on a smooth surface. After the oxide film is
peeled off, the exposed matrix will be further oxidized, making the oxide layer thicker.
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In summary, the batch-annealing temperature affects the thickness of the oxide layer
during austenitizing by affecting the surface roughness rather than the microstructure of the
cold-rolled sheet. Thus, to ensure the mechanical properties, the surface roughness of the
cold-rolled plate can be reduced by lowering the batch-annealing temperature during cold
rolling, which decreases the oxidation of 22MnB5 steel during hot stamping. However, if
the batch-annealing temperature drops sharply, batch annealing will not achieve the desired
effect (such as the occurrence of static recrystallization and the release of residual stress), and
the microstructure uniformity must be greatly reduced, leading to a decrease in mechanical
properties. Therefore, although reducing the batch-annealing temperature may reduce the
oxidation phenomenon during austenitizing, considering the microstructure uniformity
and mechanical properties, the batch-annealing temperature should be decreased properly.
Optimizing the appropriate batch-annealing temperature interval to obtain cold-rolled
22MnB5 steel with satisfactory microstructure and mechanical properties and better surface
quality, to reduce the oxidation phenomenon in the hot forming process, and establishing
the corresponding model is the focus of subsequent research.

4. Conclusions

Decreasing the batch-annealing temperature from 690 to 680 ◦C decreased the mi-
crostructure uniformity of 22MnB5 steel, but it did not cause an evident decrease in the
mechanical properties. The results show that the difference in oxidation is caused by the dif-
ference in surface quality rather than the slight microstructure. When the batch-annealing
temperature decreased from 690 to 680 ◦C, the surface roughness of 22MnB5 steel decreased
from 1.601 to 1.252 µm, and the oxide thickness of 22MnB5 steel decreased from 58.5 to
41.4 µm. This indicates that properly reducing the batch-annealing temperature decreased
the surface roughness, thus reducing oxidation during the austenitizing of 22MnB5 steel
without affecting the mechanical properties after quenching.
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