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Abstract: This study investigates enhancing the high-temperature oxidation resistance of hot-stamped
steels by adding the Cr/Mn/Si elements to form an extremely thin oxide layer. Under low oxygen
partial pressure conditions and high Cr content in the matrix, the oxide layer of a 38Cr3MnNbVMo
hot-rolled plate containing the Mo element and high Si content was further thinned to 0.6 um after
cooling at 900 °C for 5 min. The structure of the ultra-thin oxide layer consists of Fe304, Mn oxides,
FeCr,0y4, Cry03, and Fe,SiO4 oxides. Compared to other antioxidant elements, under low oxygen
partial pressure conditions, Si is more prone to oxidation, forming ultra-thin (22 nm) Fe,;SiO4 oxides
at the matrix interface. Combined with Cr,O3, FeCr,O4, and Mn oxides, it collectively inhibits the
mutual diffusion of external O ions and matrix Fe ions. Furthermore, the addition of the Mo element
improves the oxidation resistance. The synergistic effect of multiple powerful oxidation-resistant
elements and oxide products effectively inhibits the growth of the iron oxide scale, enhancing the
oxidation resistance of hot-rolled, hot-stamped steel.

Keywords: 38Cr3MnNbVMo hot-stamped steel; high-temperature oxidation resistance; extremely
thin oxide layer; Fe,SiO, and FeCr,O4 oxides

1. Introduction

The application of the most widely used hot-stamped steel is 22MnB5 in automobiles.
As an ultra-high-strength structural material, 22MnB5 hot-stamped steel is used in the
structural components of automobile bodies, mainly including Al-Si coating, nano-Zn
coating, and a bare plate [1,2]. As the protective layer, a steel plate with Al-Si coating avoids
surface oxidation effectively during the hot stamping process. However, it is difficult to
weld and reduce the service life of the inner roller; its production cost is too high [3]. The
bare hot-stamped sheet shows a low production cost, but the surface of the steel sheet
makes it easy to form an oxide layer in the process of heating and hot stamping, and the
stamping parts are easy to corrode [3]. In the process of hot stamping, the sheet is fed by a
manipulator in the air. At a high temperature, the steel plate oxidizes to a certain extent in
contact with the air, and the oxide layer appears on its surface. In the hot stamping process,
the oxide layer falls off, which not only affects the beauty and surface quality of the work
piece, but also causes certain wear to die [4]. Therefore, the study of high-temperature
oxidation behavior of hot-stamped steel is the significant link to improving surface quality.

In order to improve the surface quality of hot-stamped steel, enhancing the oxidation
resistance and replacing the Al-Si coating, it is necessary to design a high Cr-Si-Mn alloy
composition system to control the oxide layer thickness. Some researchers have adopted
Cr-Si alloying and applied it to 22MnB5 hot-stamped steel. The transformation-induced
plasticity (TRIP) effect of retained austenite showed the excellent product of strength and
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elongation, bending toughness, and hydrogen brittleness resistance [5-8]. Therefore, while
ultra-high-strength steel met the good mechanical properties and service performance, Cr
and Si were used in hot-stamped steel, resulting in superior antioxidant properties. In
ultra-high-strength steel, Si elements formed spinel compounds at the matrix interface and
were embedded in the matrix, which increased the binding force between the oxide scale
and the matrix. The continuous enrichment of Si at the interface hindered the external
oxidation process of Fe ions and weakened the thickness of the oxide scale [9,10]. The
effect of Cr was similar to the Si element, and the affinity between Cr and O was much
greater than that of Fe. In the process of high-temperature heating, the Cr atom showed
higher mobility, and selective oxidation occurred at the interface of the steel sheet, forming
a dense oxide layer. The dense oxide layer of the Cr compound played an essential role
in improving the oxidation resistance of the matrix [11,12]. In addition, the addition of
Mn also represented a positive effect on the high temperature oxidation resistance [12].
Li et al. [13] studied the oxidation resistance of new hot-stamping steel with Cr, Si, and
Mn alloying elements. During the hot stamping process, the Si and Mn elements in the
new hot-stamping steel promoted the formation of a continuous Cr,O3 layer which had
a good protective effect, thus improving the high-temperature oxidation resistance of the
hot-stamped steel. Hou et al. [14] explored the feasibility and advantages of a new type
of non-plated, oxidation-resistant thermoformed steel with rapid heating (over 100 °C/s)
to a full austenitizing temperature of 930 °C for 120 s. The experiment showed that after
rapid heating and holding for 120 s under N, conditions, the oxide layer thickness of
the non-coated hot-formed steel is less than 5 um, which was more than seven times
thinner than the oxide layer thickness of 22MnB5 hot-stamped steel (36 um) under the
same process. Compared with the traditional austenitizing process (holding at 930 °C for
5 min), the rapid heating process shortened the austenitizing time (2 min). It not only
saved energy consumption but also significantly reduced the thickness of the oxide layer.
Therefore, it led to the elimination of the need for shot peening and further improved the
oxidation resistance.

However, concerning the rigorous requirements of energy saving and environmental
protection, there is an urgent demand to develop ultra-high-strength steel to meet the dual
requirements of automotive lightweight and safety performance. The most effective means
is to improve the strength of steel materials. In the previous research, we designed novel
hot-stamped steel through composition design, process optimization, and microstructure
evolution. The tensile strength was greater than 2100 MPa and the total elongation was
greater than 7.0% [15,16]. As we carried out the oxidation experiment, the condition of the
high-temperature experiment was air. In order to further promote the oxidation resistance,
the high-temperature environment was set to argon.

2. Materials and Methods

The novel hot-rolled, hot-stamped steel was named as 38Cr3MnNbVMo, compared
with the hot-rolled 22MnBS5 steel. The specific chemical composition is shown in Table 1 [15].
First, the studied steel was cut into a rectangular sample size of 10 mm x 6 mm for
the observation and analysis of the cross-section morphology of the oxide sheet. The
surfaces of all samples were polished with 1000# sandpaper and cleaned and dried with
alcohol before oxidation experiment. Oxidation experiments were carried out in a high-
temperature tube heat treatment furnace with argon gas and air. The heating temperature
was selected at 900 °C and the soaking time was 5 min. Tubular furnace KSL-1100X was
made in China, Hefei Kejing Technology Material Co., Ltd. (Hefei, China). The oxidized
sample was cold-mounted and polished with epoxy resin, using 4% nitrate alcohol to
erode the oxide layer so that the oxide layer had a certain layered structure. The back-
scattering diffraction (BSD) mode was used to observe the oxide layer formed at a high
temperature of hot-rolled, hot-stamped steel with a voltage of 20 kV and a working distance
of 10 mm~12 mm. The element distribution of the oxide layer was analyzed by means of
Scanning Electron Microscope Energy Dispersive Spectrometer (SEM-EDS) and Electron
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Probe Micro Analyzer (EPMA). Sigma500 field emission scanning electron microscope
was developed by Germany Zeiss company (Oberkochen, Germany). EPMA-1720H was
developed by Shimadzu Corporation of Japan (Kyoto, Japan). The oxidized samples were
stored in a vacuum bag, the oxide layer TEM samples were prepared by focused ion
beam (FIB), and the transmission experiments were carried out by JEM-2100 transmission
electron microscopy. JEM-2100 transmission electron microscopy was made at the Japan
JEOL Company (Tokyo, Japan). Focused ion beam (FIB) was made in the United States, FEI
HELIOS G4 UC Company (Hillsboro, OR, USA). The phase of oxidation layer was analyzed
by X-ray diffraction and the oxidation resistance of ultra-high-strength hot-stamped steel
was evaluated. The diffraction angle range of the oxide layer was 10°/20°~90°, and the
step size was 0.2°. X-ray diffraction was made in Mannheim, Germany, Bruker company.

Table 1. The composition of hot-stamped steels (wt.%).

Steel Grade Si Mn Cr Nb +V Mo Ti/B
38Cr3AMnNbVMo 0.35~0.42 1.10~1.60 1.10~1.60 2.0~3.0 <0.25 0.10~0.30 -
22MnB5 0.22~0.25 0.20~0.30 1.20~1.40 0.15~0.25 - - 0.025~0.040/0.002~0.004

3. Results and Discussion

Figure 1a,b;-bs illustrates the morphology oxide layer and map-scanning distribution
of SEM-EDS, respectively. The oxidation layers of 38Cr3MnNbVMo tested steels are mainly
composed of O, Fe, Cr, Mn, and Si elements. The oxidation layer of 38Cr3MnNbVMo steel
forms a Cr/Si/Mn enrichment region, which indicates that the formation of Cr/Mn/Si
oxidation products further prevents the oxidation of substructure iron. The content of Cr
at the interface between the substructure and oxide layer is significantly increased, which
is obviously higher than that of the substructure and the outer oxide layer. In addition,
the enrichment degree of Si and Mn is less than the Cr element, and the oxide thickness
ratio of Cr, Si, and Mn almost covers the entire oxide layer. Figure 1c shows the XRD
pattern of the oxide layer of the 38Mn3CrNbVMo studied steel. Due to the thin oxide layer,
the prominent peak value is mainly the Fe substructure of the BCC structure, and several
shorter peaks portray Fe3O4 and Fe,Os; the most significant are spinel FeCr,O4 and olivine
Fe;SiO4. Combined with Figure 1d,e, Table 2 shows the element mass fraction of SEM-EDS
scanning distribution at different positions of the tested steel oxide layers in the image.
There is an obvious step difference in Cr content between the interface and the outer oxide
layer, while there is a tiny difference in Si and Mn content. The gradient of the Mo element
also demonstrated that the Mo element promotes the growth of the oxide layer of Cr, Si,
and Mn alloys and forms a dense protective film on the surface of the substructure.

Similarly, the element distribution mapping of the oxide layer of 22MnB5 hot-rolled
steel is also characterized by SEM-EDS, as shown in Figure 2. The oxide layer of 22MnB5 is
mainly composed of O, Fe, and Si elements, and they are enriched in the secondary oxide
layer, while the distribution of other alloying elements is not obvious. The average thickness
of the oxide layer is 3.8 um, but the cross-section in contact with the substrate is spalling,
which may be due to the incorporation of some Cr (Cr, Mn),O3 oxides entering into the Fe-
rich oxide core shell, leading to the separation oxidation due to extraneous nucleation [17].
That is, the initial chromium-rich oxides do not prevent iron from outwardly diffusing to
form iron-rich oxides. Therefore, Figure 2b;-bs shows that only a trace of Si enrichment is
formed at the bottom of the oxide layer, and no obvious segregation of Cr/Mn appears at
the enrichment region of the secondary oxide layer. Also, it is related to the low content of
Cr and Si in 22MnBb5. The XRD pattern and EDS line analysis in Figure 2¢,d also indicate
that Cr elements play a small hindrance role at the interface. Therefore, at the same
heating temperature, isothermal time and atmosphere conditions, the oxidation resistance
of 22MnBS5 steel is not as good as the novel 38Cr3MnNbVMo steel.
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Figure 1. Longitudinal section SEM images of 38Cr3MnNbVMo studied steel soaked at 900 °C for
5 min. (a) The longitudinal section morphology; (b1—bs) EDS mapping of oxide region; (c) XRD pattern
of oxide layer; (d) EDS line scanning of (a) red arrow; (e) the energy spectrum of different positions.

Table 2. The tested steel oxidized at 900 °C for 5 min at different positions of oxidation layer element

mass fraction (wt.%).

Studied Steel Position (@) Fe Mn Cr Si Mo
EDS1 28.0 59.6 5.8 43 21 0.2
38Cr3MnNbVMo EDS2 23.6 57.4 5.7 102 26 05

In order to analyze and characterize the ultra-thin oxide layer more accurately and
precisely, with the help of EPMA, the element distribution of the 38Cr3MnNbVMo stud-
ied steel oxide layer longitudinal section is analyzed and characterized more accurately.
Figure 3 shows the EPMA image of oxide layer of 38Cr3MnNbVMo hot-rolled tested steel
is held at 900 °C for 5 min at the condition of low oxygen partial pressure. The enrichment
of O, Fe, Cr, Mn, and Si elements appears in the oxide layer of the hot-rolled tested steel
after the oxidation at low oxygen partial pressure and high temperature.

In accordance with the SEM-EDS results, the enrichment ratio of Cr and Mn is larger in
38Cr3MnNbVMo steel, but the enrichment ratio of Si is smaller. Geneve et al. [18] believed
that if the number of Si atoms accumulated in the oxide layer was increasing, then the
accumulation of Si atoms depended not only on the composition of the alloy but also on the
oxidation conditions. The oxidation experiment reduced the partial pressure of oxygen and
facilitated the formation of stable oxides, such as SiO,, Cr,O3, MnO, and Mn,O3 oxides,
rather than the oxides of Fe.
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Figure 2. Longitudinal section SEM images of 22MnB5 studied steel soaked at 900 °C for 5 min.

(a) The longitudinal section morphology; (b1—bs) EDS mapping of oxide layer; (¢) XRD pattern of

oxide layer; (d) EDS line scanning of (a) red arrow. The red circle is O enrichment, while the yellow
circle is Si enrichment.

Taking into account the physical and chemical properties of Si, during the oxidation
reaction, the Si element reacted with dissolved O on the metal surface; the dissolved O
was diffused to the steel surface and precipitated to form SiO,. As the oxidation process
advanced inside the metal, the internal oxide met FeO to form Fe,;SiO4 compounds, which
were low solubility in FeO, and accumulated on the oxide layer rather than the metal surface.
The Fe vacancy diffused through the Fe;SiO4 compound, and the Fe vacancy was diffused
faster in the oxide scale than in the Fe;SiO4 compound. As the oxide scale continued to
grow, the alloying elements in the matrix would not move with the migration of iron atoms.
As for 38Cr3MnNbVMo steel with high Si content in the matrix, once the oxidation process
continued to advance inside the steel matrix, these vacancies were trapped in the oxide
layer. With the extension of oxidation time, Si elements were enriched and consumed at the
interface between the oxide layer and the matrix. The oxidation products of Si gradually
left the matrix/oxide interface. The Si concentration at the interface was reduced and the
degree of enrichment at the interface was gradually weakened.

It is worth mentioning that Mn segregation appears in the SEM-EDS and EPMA
mapping and line scanning results, but it is not detected in the XRD results. Therefore,
the ultra-thin oxide layer with Fe;Oy is the main oxide layer structure, followed by spinel
FeCr,Qy, olivine Fe;Si0Oy4, and Mn oxides.
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Figure 3. Longitudinal section EPMA images of 38Cr3MnNbVMo studied steel soaked at 900 °C for
5 min. (a) Longitudinal section EPMA images; (b—f) EPMA mapping distribution results of different
elements; (g) EDS line scanning of (a) red arrow.

TEM characterization of the 38Cr3MnNbVMo ultra-thin oxide layer was performed,
and TEM images are illustrated in Figure 4. Figure 4a is the morphology of the oxide
layer, and the diffraction patterns show that the main structure of the oxide layer is Fe3Oj.
According to Figure 4b,d and Table 2, it proves that the content of Cr, Si, and Mn at different
locations is different, so the enrichment degree is different. These results are consistent
with the results of SEM-EDS and EPMA. According to Figure 4c, the secondary oxide layer
is closest to the base alloy; the purple dotted line in Figure 4a shows very fine grains and is
mainly composed of Fe-5i olivine. However, the secondary oxide layer near the substrate is
composed of Fe-Cr spinel, and their widths are clearly measured by TEM-EDS mapping
analysis as 22 nm and 50 nm, respectively. Thus, it can be presumed that FeCr,Oy4 spinel is
coated with Fe;SiO; olivine. The inter-planar crystal spacing of the two enriched products
is calculated by high-resolution IFFT as 0.3156 nm and 0.5431 nm, respectively.

The ultra-thin oxide layer of 38Cr3MnNbVMo hot-rolled tested steel is characterized
by TEM and the sample preparation method is FIB micro-zone cutting technology. The TEM
image of the ultra-thin oxide layer is shown in Figure 4. Figure 4a is the TEM topography
of the oxide layer. Selected electron diffraction demonstrates that there is a Fe304 phase in
the oxide layer. Due to the lower thickness of the oxide layer cut by FIB, the Fe,O3 phase in
the outermost part of the oxide layer is not observed.
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Figure 4. TEM characterization of ultra-thin oxide layer in 38Cr3MnNbVMo studied steel. (a) TEM
morphology of oxide layer; (b) TEM-EDS mapping of oxide layer; (c) high-resolution TEM analysis
of the interface between matrix and oxide layer; (d) TEM-EDS analysis at different locations in (a).

Combined with Figure 4b,d, it can be seen that the alloy oxide containing Si is closest
to the matrix interface, which is consistent with the results characterized by SEM-EDS and
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EPMA. High-resolution transmission analysis was performed on the part of the purple
dashed line in Figure 4a. Figure 4c portrays the high-resolution transmission image, FFT
and IFFT image of the alloy closest to the matrix at the interface between the matrix and
the oxide layer. The oxide has very fined grain and is mainly composed of the Fe-Cr spinel
oxide layer, while the closest to the matrix is the Fe-Si olivine oxide layer. Through the
surface distribution diagram, we can clearly measure that the approximate widths of the
two are 50 nm and 22 nm; it can be seen that FeCr,O4 has spinel-coated Fe;SiOj4 olivine. By
high-resolution IFFT calculation, the crystal face spacing of the two enriched products is
0.3156 nm and 0.5431 nm, respectively.

The formation mechanism concerning the ultra-thin oxide layer was discussed; specif-
ically, the ultra-thin oxide layer of 38Cr3MnNbVMo hot-rolled steel after holding at 900 °C
for 5 min under the condition of low oxygen partial pressure. First of all, the Si content
of the 38Cr3MnNbVMo steel was high and the low-oxygen environment was mixed with
argon and air, which affected the oxidation behavior of the Si element. On the influence of
the low-oxygen environment on the alloy surface, the oxide of Si was assumed as the sur-
face alloy coating, thus limiting the entry of O ions into the surface of the steel plate, and Si
elements are more easily oxidized in the gas environment with low-oxygen content [19-23].
Onishi et al. [24] proved that the diffusion rate of Si was higher than O, and was forming a
very thin SiO; layer on the alloy surface under the condition of low oxygen partial pressure.
Internal oxidation occurred over a limited oxygen partial pressure range and was limited
to alloys with Si concentrations below 1 wt.%. With the increment of Si content, the oxygen
partial pressure of internal Si oxidation was decreased and external Si oxidation occurred.

Li et al. [25] believed that the increase in Si content enhanced the effective mutual
diffusion coefficient, promoting the formation of Cr-containing oxides. Due to the small
prior austenite grain size of 38Cr3MnNbVMo steel, Cr diffused rapidly to the substrate
surface through the prior austenite grain boundary in the initial oxidation stage. According
to the element diffusion mechanism, the dissolved O traversed the alloy oxide and reacted
with the dissolved Cr diffused from the matrix side so as to form Cr,O3 oxide. As an
active-reactive element, the Mn element reduced the critical Cr content in the continuous
formation of Cr,O3, while SiO, particles formed in the early stage and provided the
formation of a continuous Cr,Oj3 layer nucleation site. The formation of Mn-rich oxides
promoted the densification of the oxide layer and inhibited the internal diffusion of the
O element. Therefore, it resulted in the reduction in oxygen partial pressure. The two
synergistic effects promoted the outward oxidation of Cr and further formed the oxides
CI‘203 [26—28].

As the tested steel underwent oxidation from a high temperature to the cooling process,
FeO was formed due to the reaction of Fe and O. When the Cr element replaced the Fe
element in the oxide in the steel, the FeCr,O4 phase was formed. At the same time, the
Si element acted similarly with the Cr element and formed SiO,, continuing to combine
with the Fe ion to form Fe,SiOy4. The diffusion rate of Fe ions in Fe,SiO4 and FeCr,O4 was
faster than Cr and Si ions. Therefore, it continued to enrich at the outer layer of oxidation
while the Fe ions near the interface were depleted. After the initial transformation process
of oxidation, a steady concentration gradient was established in the oxide sample. The Fe
ions diffused from the matrix to pass through the alloy oxide and form Fe3Oy at the FeO
interface. Due to the obstruction of the alloy oxide layer, the diffusion ability of Fe?* and
the diffusion ability of O ions and Fe ions was weakened at the interface of Fe3O,4, which
can only stably form Fe3;O4 and maintain the growth of the Fe3Oy layer.

Mn enrichment was observed during EPMA and TEM characterization, so the Mn
oxide was enriched in the outer oxide layer. Thus, the ultra-thin oxide layer consisted of
Fe304, oxide of Mn, FeCr,O4, Cry03, and the Fe;SiO4 “healing layer”. In addition, the Mo
element promoted the growth of Cr, Si, and Mn-rich oxide layers by hindering the internal
diffusion of the O ion and the external diffusion of the Fe ion. Therefore, the Mo element
improved the oxidation resistance of the tested steel; the higher the Mo content, the more
prominent the synergistic protection mechanism was. [29,30].
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4. Conclusions

In this study, we investigated a novel hot-stamped steel with a Cr-Mn-Si alloy system,
which demonstrated superior high-temperature oxidation resistance compared with the
traditional 22MnB5 hot-stamped steel. The main conclusions are as follows:

(1) In 38Cr3MnNbVMo hot-stamped steel, under the condition of low oxygen partial
pressure in argon and high Cr content, an ultra-thin oxide layer of 0.6 pm was formed
after being held at 900 °C for 5 min. An enrichment region of Cr, Mn, and Si is formed
near the matrix, which indicates that the oxides of Cr/Si/Mn hinder the diffusion of
Fe ions in the matrix.

(2) 38Cr3MnNbVMo hot-stamped steel shows the unique microstructure and element
distribution characteristics of the Cr-S5i-Mn oxide layer. Cr and Si are used as the core
elements of the oxidation resistance of ultra-high-strength steel. The ultra-thin oxide
layer is composed of Fe304, Mn oxide, FeCr,O4, CryO3, and Fe;SiOy4. The Si element
is easier to oxidize, and an ultra-thin Fe;SiOy alloy oxide layer is formed at the matrix
interface. It collaborates with the oxides of Cr and Mn to hinder the inward diffusion
of external O ions and the outward diffusion of matrix Fe ions.

(3) Inanovel hot-stamped steel, the addition of the Mo element improves the antioxidant
capacity, and a variety of antioxidant elements and alloy oxidation products effectively
hinder the continuous growth of the oxide sheet. Ultimately, they improve the high-
temperature antioxidant property of novel hot-stamped steel.
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