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Abstract

:

This study investigates the effects of hot stamping on boron steel surface properties, comparing uncoated steel to Al–Si-coated steel, with a focus on developing atmosphere-controlled hot stamping technology. Experiments using a hat-shaped specimen revealed that uncoated steel formed a thick oxide layer due to exposure to atmospheric oxygen at high temperatures, negatively impacting surface quality and weldability. In contrast, the Al–Si-coated steel showed no oxide formation. Although uncoated steel exhibited higher average Vickers hardness, the detrimental effects of the oxide layer on weld quality necessitate advancements in process technology. A lab-scale hot stamping simulator was developed to control atmospheric oxygen levels, utilizing a donut-shaped induction heating coil to heat the material above 1000 °C, followed by rapid cooling in a forming die. Results demonstrated that maintaining oxygen concentrations below 6% significantly reduced oxide layer thickness, with near-vacuum conditions eliminating oxide formation altogether. These findings emphasize the critical role of oxygen control in enhancing the surface quality and weldability of uncoated boron steel for ultra-high-strength automotive applications, potentially reducing manufacturing costs while ensuring part performance.
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1. Introduction


Due to recent environmental concerns and strengthened fuel efficiency regulations, the demand for eco-friendly vehicles is increasing. Many global automotive companies are producing electric vehicles as a means to satisfy various environmental regulations by replacing traditional internal combustion engines. In order to achieve maximum driving range with a single battery charge, the weight of the vehicle has become crucial for environmentally friendly vehicles. To reduce vehicle weight, many companies are increasing the application of hot stamping components to ensure collision performance and passenger safety. As evidence of this, after the initial application of hot stamping components made of boron steel in a Saab vehicle in 1984 [1], the production ratio of hot stamping increased from 3 million to 8 million in 1987 and further surged to 170 million in 2007 [2]. In 2023, the hot stamping market is expected to expand to approximately 1.28 billion components. Accordingly, research related to hot stamping production technology is actively being conducted.



The hot stamping method is suitable for producing high-strength products required for passenger safety by forming the material with high elongation and low strength under a high temperature of over 900 °C and then quenching it to the martensitic steel in order to achieve very high strength over 1.5 GPa. The quenching process involves rapid cooling at speeds exceeding approximately 27 K/s from the martensite transformation temperature, ranging from 425 °C (martensite start point) to 280 °C (martensite finish point) [3]. Materials commonly used for hot stamping include alloys with boron additions such as 22MnB5, 27MnB5, and 37MnB5. Boron-added alloys are preferred in hot stamping, as boron steel is known to be the only type of steel capable of generating a martensitic microstructure after hot stamping [4]. Boron steel sheets typically have tensile strength levels of around 600 MPa before heat treatment. Through the martensitic transformation of the material after hot stamping, it is known to achieve tensile strengths of approximately 1.5 GPa [4].



Numerous researchers have investigated component manufacturing technologies utilizing uncoated hot stamping steel sheets. From a materials technology perspective, various experimental analyses have been conducted to ensure and enhance the mechanical properties of materials, with the cooling rate selected as a key variable [5,6,7]. Concurrently, from a process technology perspective, researchers have focused on optimizing the hot stamping process to improve forming quality and productivity [8,9,10,11,12]. Furthermore, a variety of studies have been conducted to analyze heat transfer and material deformation mechanisms in the hot stamping process, aiming to enhance process efficiency [13,14,15,16]. These collective studies have continuously advanced component manufacturing technologies that utilize uncoated hot stamping steel sheets.



Hot-stamped boron steels without Al–Si coating layer generate an oxide scale on the surface when exposed to air under austenitizing conditions. To control this oxide layer, methods such as using boron steel sheets coated with Al–Si for oxidation prevention [17] or applying oil for anti-oxidation on the surface [18] can be employed. Physical methods involving shot blasting can also remove the oxide layer [18,19]. While these methods offer the advantage of controlling the oxide layer during hot stamping, the presence of a coating layer on the surface for oxidation control can lead to the melting of the coating layer during welding. Additionally, when using oil for oxidation prevention, research data indicates a decrease in interfacial heat transfer coefficients (IHTC), affecting the microstructure and mechanical properties [20]. The Al–Si coating layer, when subjected to rapid heating rates, can experience premature heating, causing the coating layer to slide and leading to issues such as coating layer displacement. Moreover, the production cost of hot-stamped parts should be increased due to material and process patents related to Al–Si-coated boron steel sheets.



To overcome these drawbacks, it is important to suggest an alternative hot stamping method by using an uncoated boron steel sheet. Taylor et al. [21] illustrated a schematic of the hot stamping process for uncoated steel sheets, demonstrating that this process generally includes an additional shot blasting step to remove the oxidation scale. This additional step requires extra production equipment and extends the processing time, resulting in increased manufacturing costs for hot-stamped parts using uncoated steel sheets. The comparatively higher manufacturing cost, as opposed to coated steel sheets, presents a significant obstacle to the use of non-coated steel sheets. Consequently, even with the additional costs associated with paying for material and process patents held by Arcelor Mittal, most automotive body component manufacturers opt to use Al–Si-coated steel sheets. Chen et al. [22] emphasized the cost-saving advantages of uncoated hot stamping processes in automotive part manufacturing. Additionally, Kim et al. [23] demonstrated through an economic efficiency analysis that using uncoated steel sheets in hot stamping processes can reduce production costs and improve efficiency. Therefore, to reduce the manufacturing cost of hot-stamped components, automotive companies and body component manufacturers are seeking the development of press-forming technology that can suppress the formation of oxide layers on non-coated steel sheets. It means that preventing or controlling oxide layer growth should be a core technology for using uncoated boron steel sheets.



This paper deals with the quantitative investigation of the surface quality of a hot-stamped part and its improvement method of the oxide layer for uncoated boron steel sheet. Initially, the heat treatment results with hat-type specimen were compared according to the presence of the Al–Si coating layer in order to observe the effect of the coating layer on the surface quality and mechanical properties. To investigate methods for suppressing the oxide layer on uncoated steel sheets, a lab-scale hot stamping simulator was developed to replicate the heating and forming processes under controlled atmospheric conditions. Subsequently, the oxide layers were quantitatively analyzed according to the oxygen ratio. The research results can be utilized as hot stamping process control technology to ensure surface quality and weldability in the manufacturing process of ultra-high-strength body components using uncoated steel sheets.




2. Hot Stamping Test Method


2.1. Equipment Setup


Al–Si-coated boron steel is known to prevent the formation of an oxide layer by blocking the oxygen contact during the hot stamping process [17]. For using uncoated boron steel sheets, the surface quality and property should be investigated to observe the oxide layer formation and to ensure the mechanical properties of hot-stamped parts.



An experimental setup, as shown in Figure 1, is constructed in order to reproduce the hot stamping process. An atmosphere furnace has the capability of heating up to approximately 1000 °C, and a mechanical press can make hat-type specimens by using a hot stamping die. A water-cooling chiller is connected to the stamping die for rapid cooling, and a thermometer is used to monitor the temperature at the stamping die. The 300 mm × 300 mm sample was heated up to 950 °C and stabilized for 10 min. After that, they rapidly cooled down to 10 °C or below within 5 s for the martensite phase transformation in the die. 22MnB5 1.0 t steel sheets, produced by Arcelor Mittal, with and without Al–Si coating layer, were used for experiments. The chemical composition and the mechanical strength of 22MnB5 base metal are presented in Table 1.




2.2. Test Procedure


To observe the surface property changes after hot stamping for both uncoated and Al–Si-coated materials, specimens were subjected to the same heat treatment conditions. The specimens were heated by the controllable atmosphere furnace up to 950 °C and stabilized for 10 min. Subsequently, they were quenched and formed simultaneously using a 200-ton servo press with a water-cooled die that was pre-cooled to below 10 °C. The time taken for the material to reach the press was approximately 5 s. The detailed test procedure is presented in Figure 2.





3. Hot Stamping Test Results


3.1. Surface Investigation


Hot stamping experiments were performed with hat-type specimens in order to observe the growth of the oxide layer and to investigate the surface property of the coated and uncoated boron steel sheet. Figure 3 shows test specimens according to the coating layer. The specimen with Al–Si coating layer shows only the heat-affected color change due to the rapid temperature change during the heating and quenching process, and no oxide layer was observed as shown in Figure 3a. This aligns with the known characteristic of Al–Si coating preventing the formation of oxide layers by blocking contact with the atmosphere after heating [17]. As shown in Figure 4, the heated material generates an oxide layer due to contact with oxygen in the air during the transport process, and after rapid cooling during the component forming process, a thick oxide layer exists as shown in Figure 3b.




3.2. Oxide Layer


For a more precise analysis of surface layer changes, the SEM (scanning electron microscope) equipment was employed to observe coated and uncoated boron steel sheets before and after heating. The equipment used for observations is the QUANTA 200F (FEI Company, Hillsboro, OR, USA). First of all, point EDS measurements were carried out to investigate the composition of the surface scale of the uncoated boron steel sheet. Figure 5 shows the result of point EDS measurements of the surface scale. The composition of the surface scale was Fe 80.74 wt% and O 19.26 wt% components, and it reveals that the surface scale is the oxide layer of Fe and O.



The Al–Si-coated specimen was analyzed using EDS mapping in order to investigate the change in the composition at the coating layer before and after heat treatment. As shown in Figure 6, Al–Si coating layer is transformed into the mixed intermetallic layer of Al–Si and Fe after the heat treatment. As shown in Figure 6, fine cracks and internal voids are observed in the rough intermetallic layer, which are generated during the rapid quenching process. Such compounds are known to have low fracture toughness, promoting the formation and growth of fine cracks [24,25]. As a result of the diffusion and alloying of components, the coating thickness is increased from 19.79 μm to 38.14 μm after heat treatment.



The oxide layer thickness was quantitatively measured by optical microscope with a hat-type specimen of uncoated boron steel sheet in order to investigate the oxide layer residual due to the different contact mechanisms between die and sheet during the hot stamping. Figure 7 shows the captured location of samples from the hat-type uncoated specimen. As shown in Figure 8, the oxide layer thickness was 23.46 μm, 1.81 μm, and 7.55 μm at the top, wall, and flange locations, respectively. At the top location, the thickest oxide layer was observed due to no contact between the die and the sheet. On the contrary, most of the oxide layer was removed in the wall location because severe contact occurs when the sheet slides against the die during the forming. At the flange location, the thickness is decreased due to the high compression of the die at the bottom dead center of the press slide. Most spot welds are made at the top and flange areas in the auto-body assembly process. It means that the thick oxide layer can deteriorate the welding quality by using an uncoated boron steel sheet in the hot stamping. Therefore, a novel stamping method is required to reduce or control the oxide layer formation in order to utilize the uncoated boron steel sheet for ultra-high-strength automotive parts.



The optical microscope images of Al–Si-coated specimen are presented in Figure 9. Because of the Al–Si coating layer, increased coating thickness according to the diffused alloying components is observed instead of the oxide layer. Additionally, microcracks and pores are present within the coating due to the different coefficients of thermal expansion [25,26,27]. No significant difference was observed at the top, wall, and flange locations due to the contact pressure during the forming process.




3.3. Hardness


A Vickers hardness test was conducted to examine the effect of the absence of a coating layer on material strength during the forming process of uncoated steel sheets. Hardness is generally known to correlate with material strength. Kim et al. [28] reported that the Vickers hardness of a boron steel sheet is approximately 450 Hv after the hot stamping thermal cycle. Based on phase transformation tests, Li et al. [29] demonstrated that the Vickers hardness of boron steel is 459 Hv at a cooling rate of 30 °C/s and that the hardness increases proportionally with the rise in cooling rate. In this paper, Vickers hardness was measured using a SHIMAZU HMV-2R (Shimadzu Corporation, Kyoto, Japan) device under the condition of applying a load of 980.7 mN for 10 s. Figure 10 shows the Vickers hardness measurement results for both coated and uncoated steel sheets. To examine the effect of cooling pattern changes due to differences in contact conditions between the material and the die, hardness was measured in the top, wall, and flange areas. The hardness was measured seven times at 1 mm intervals. The overall average hardness of the coated and uncoated steel sheets was measured at 481 Hv and 513 Hv, respectively, with higher values observed for the uncoated steel sheets. Therefore, it was confirmed that uncoated materials are more advantageous for strength securement in hot stamping, which requires rapid cooling. The hardness differences at various measurement locations were not considered significant when taking into account the scatter in the data, suggesting that the impact of the contact conditions between the die and the material on hardness is minimal. Despite the differences due to the presence or absence of a coating layer and contact conditions, the hat-type specimen can achieve the desired tensile strength in all areas.




3.4. Summary


For the boron steel with Al–Si coating, as expected, no oxide layer was observed on the surface during the heat treatment and hot stamping processes. However, microcracks and pores were identified within the coating layer due to the different thermal expansion coefficients. Additionally, the elements clearly distinguished in the coating layer before heat treatment diffused during the heat treatment, forming a Fe3(AlSiFe) alloy layer inside the coating layer, which could potentially compromise the weldability. The coating layer thickness also increased approximately two-fold. On the other hand, the uncoated boron steel exhibited irregular and uneven oxide layers on the surface when exposed to the atmosphere during the heat treatment process. Hot stamping simulation tests revealed that the oxide layer thickness could be preserved, peeled off, or compressed according to the die shape. The oxide layer thickness was observed to be over 20 μm, which could cause weldability issues in the assembly process of automotive parts. The use of uncoated steel sheets is expected to be advantageous for securing material strength.



During the hot stamping process using uncoated 22MnB5 material, the oxidation reaction was most pronounced at the point of material transfer. This observation indicated that the material, upon being heated and transferred, came into contact with atmospheric oxygen, leading to the initiation and rapid growth of the oxide layer. Therefore, to ensure the surface quality of uncoated 22MnB5 material during hot stamping, controlling the contact between the heated material and oxygen during transfer is crucial for maintaining surface quality. Therefore, further research on new forming technologies is needed to suppress the formation of oxide layers in order to ensure the surface quality and weldability of uncoated steel sheets.





4. Oxide Layer Improvement


4.1. Development of a New Hot Stamping Simulator


The issue of oxide layer formation during the hot stamping process of uncoated steel sheets occurs because the material rapidly reacts with oxygen in the atmosphere at high temperatures, leading to the formation of an oxide layer. In particular, controlling the oxygen concentration in the atmosphere is crucial to suppressing the formation of the oxide layer. Developing a new lab-scale simulator that can replicate the hot stamping process is a very important approach to achieve this.



A lab-scale simulator allows for a quantitative analysis of the oxide layer thickness under various conditions, such as oxygen concentration and temperature, providing critical data for process optimization. Figure 11 shows the schematic diagram of the hot stamping simulator. The experimental equipment consists of a heating zone and a forming zone, including a transfer system for continuous forming after heating. To control the oxygen content in the atmosphere during the experiment, the entire equipment is sealed within a vacuum chamber. A nitrogen gas injection system was introduced to enhance the efficiency of atmospheric control. With this configuration, the vacuum chamber and nitrogen gas injection system allow the setting of controlled atmospheric conditions, making it possible to simulate the hot stamping process of uncoated steel sheets through the heating-transfer-forming sequence.



Figure 12 shows the manufactured experimental equipment. In the heating zone, a 300 mm × 300 mm specimen is placed on a transfer jig and heated using a pancake-shaped induction coil installed above it. Once the specimen reaches the target temperature, it is transferred to the stamping zone via a transfer device operated by a mechanical motor, where it is then formed by an upper die driven by a hydraulic cylinder. During this process, both the upper and lower dies are cooled with water, creating rapid cooling conditions that promote martensitic structure formation. For oxidation layer control experiments, an atmosphere control system was implemented as previously described, using a vacuum system to evacuate air from the chamber while injecting nitrogen gas to quickly reach the desired oxygen level. Using this newly developed hot stamping simulator, forming tests on non-coated hot stamping steel sheets were conducted at different oxygen levels to study the potential for oxidation layer suppression.




4.2. Establishment of the Experimental Condition


The simulator equipment uses a pancake-shaped induction coil to heat material of 300 mm × 300 mm size to temperatures above 950 °C. Due to the shape of the coil and the thermal deformation of the specimen, temperature variations occur at different positions. Therefore, a heating test was conducted to select the optimal output of the heating module for achieving the target temperature and to determine the analysis area for surface layer examination based on temperature variations. To measure the temperature distribution of the specimen, a FLIR A700 (FLIR Systems, Wilsonville, OR, USA) infrared camera capable of measuring temperatures up to 2000 °C was used. Figure 13 shows the heating performance test of the material using the FLIR camera. First, the material was heated under a 12 kW condition, and Figure 14 illustrates the distribution of the oxide layer formed after the heating test. Through this preliminary heating test, it was confirmed that the material was heated in line with the shape of the coil and that the oxide layer formed accordingly. The FLIR camera was used to select 1/4 of the dome-shaped specimen for measurement, considering the measurement range. Three thermocouples were attached to the wall section and flange section to measure the reference temperature for calibration.



Afterward, heating tests were conducted according to the output of the heating module, and the temperature distribution was observed using the FLIR camera. Figure 15 shows the temperature distribution map corresponding to the heating module output. Since the target temperature for the hot stamping process is above 950 °C, this area was marked in yellow on the temperature distribution map. Through the heating test, it was confirmed that an output of 20 kW is required to maintain the target temperature across a wide area of the hat-type specimen. Therefore, the optimal output for forming tests under controlled oxygen conditions was set to 20 kW.



To verify the atmosphere control performance of the vacuum chamber, the changes in oxygen content according to nitrogen gas pressure were observed. The oxygen content was controlled by simultaneously removing air from the chamber using a vacuum pump and injecting nitrogen gas. To check the oxygen level inside the chamber, an oxygen analyzer was installed as shown in Figure 16. The oxygen analyzer was moved between the heating section, transfer section, and forming section to measure the changes in oxygen content over time, ensuring uniformity in the oxygen distribution. Figure 17 shows the history of oxygen content changes according to nitrogen gas pressure and time. It was confirmed that the oxygen content could be controlled to below 1% over time. However, when the nitrogen pressure was low at 5 kPa, it took over 80 min to control the oxygen content to below 1%, and non-uniformity in oxygen distribution across different positions was observed. To improve this, when the nitrogen gas pressure was increased to 7.2 kPa, the time required to achieve the same level of oxygen control was reduced to under 25 min, and the oxygen distribution became uniform across the chamber. Therefore, it is considered that a nitrogen gas pressure of 7.2 kPa is appropriate for atmosphere control.




4.3. Evaluation of Oxide Layer


Forming tests on hat-type specimens made of uncoated steel sheets were conducted using a lab-scale hot stamping simulator, with heating and pressure control, to examine the effects of oxygen levels. After stabilizing the atmosphere according to the oxygen level, the material was heated by an induction coil, transferred to the hot stamping die by an automatic transfer device, and then formed into a hat-type specimen inside the die using water cooling. To observe the amount of oxide layer formation based on oxygen levels, forming tests were conducted under oxygen conditions of 0% (vacuum-like), 2%, 4%, 6%, and 21% (atmosphere), as shown in Figure 18. Under the vacuum-like condition, almost no oxide layer was observed. However, as the oxygen level increased, the amount of oxide layer also gradually increased, and at 6% oxygen, the oxide formation was almost similar to that observed under atmospheric conditions.



For a more quantitative observation, samples were taken from the top area under different oxygen conditions because the top area is the most susceptible to oxide layer formation. The thickness of the oxide layer was measured using an optical microscope. The equipment used for observations is the ECLIPSE MA22 (Nikon, Tokyo, Japan). Figure 19 shows the optical microscope images for each condition. When the amount of oxygen is close to a vacuum condition, almost no oxide layer forms. As the oxygen level gradually increases, the thickness of the oxide layer also increases proportionally, and at an oxygen level of 6%, an oxide layer similar to that formed under atmospheric conditions is observed. This shows that the oxide layer of uncoated boron steel is highly sensitive to the amount of oxygen.



In the case of typical automotive parts, body assembly is carried out through processes such as spot welding after hot stamping. At this time, as the thickness of the residual oxide layer increases, the quality of welding can deteriorate rapidly. Therefore, for the hot stamping of uncoated boron steel, it is necessary to control the atmosphere to minimize the amount of oxygen in the environment during formation. Otherwise, surface oxide layer removal through processes such as shot peening will be required, which increases manufacturing costs and becomes an obstacle to using uncoated boron steel sheets. However, in actual component manufacturing processes, controlling the oxygen level close to a vacuum to suppress the oxide layer is highly challenging. It is more practical to introduce a threshold oxygen level condition in the hot stamping process of uncoated steel that ensures welding quality. Future research should focus on determining the optimal oxygen control conditions by analyzing the correlation between oxide layer formation and welding quality.





5. Conclusions


This study aimed to compare and analyze the surface property changes of boron steel during the hot stamping process, depending on the presence or absence of Al–Si coating, and to develop an atmosphere-controlled hot stamping technology for applying uncoated boron steel to ultra-high-strength automotive parts. Hot stamping experiments using a hat-shaped specimen showed that while no oxide layer formed on the Al–Si-coated steel, a thick oxide layer was observed on the uncoated steel due to exposure to atmospheric oxygen at high temperatures. This oxide layer not only deteriorates the surface quality of the uncoated steel but also significantly hinders weldability during the assembly of automotive parts. Surface hardness analysis revealed that the Vickers hardness of uncoated steel was, on average, 32 Hv higher than that of Al–Si-coated steel, suggesting that uncoated steel may be more advantageous for securing part strength. However, the formation of a thick oxide layer poses a significant risk to weld quality, making process technology to suppress oxide formation essential for the practical application of uncoated steel.



To address this issue, a new lab-scale hot stamping simulator was developed. This equipment was designed to perform forming experiments in an environment where the amount of oxygen in the atmosphere could be controlled to suppress oxide layer formation. The system uses a donut-shaped induction heating coil to heat the material to over 1000 °C and quickly transfer it to a forming die for rapid cooling and shaping through an automated transfer system. The oxygen concentration in the simulator was controlled using nitrogen gas and a vacuum pump, allowing the analysis of oxide layer formation under various oxygen levels. The experiment results showed that when the oxygen level in the atmosphere was below 6%, the thickness of the oxide layer decreased significantly, and in near-vacuum conditions, almost no oxide layer formed. These findings indicate that controlling the oxygen concentration can effectively suppress oxide layer formation in uncoated steel, improving both surface quality and weldability.



In conclusion, this study confirms that for uncoated boron steel to be applied in ultra-high-strength automotive parts, effective oxygen control during the hot stamping process is essential. By implementing such technology, it is expected that manufacturing costs can be reduced while simultaneously ensuring the strength and weld quality of uncoated steel parts.







Author Contributions


Conceptualization, J.L., G.B., and J.S.; methodology, G.B.; software, J.L.; validation, J.L. and G.B.; formal analysis, J.L.; investigation, G.B. and J.L.; resources, J.L.; data curation, J.L.; writing—original draft preparation, J.L. and G.B.; writing—review and editing, J.L. and G.B.; visualization, J.L. and G.B.; supervision, G.B. and J.S.; project administration, G.B. and J.S.; funding acquisition, G.B. and J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Korea Institute of Industrial Technology as “Development of intelligent root technology with add-on modules (KITECH EO-24-0005)” and by the Ministry of Trade, Industry and Energy (MOTIE, Korea) as “Development of multipoint servo control die cushion and process monitoring module for improving the press forming quality (20018327)” and “Development of Car Body Part Utilizing AlSi Coated Hot Press Forming Steel (20013403)”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Berglund, G. The History of Hardening of Boron Steel in Northern Sweden. In Proceedings of the 1st International Conference on Hot Sheet Metal Forming of High-Performance Steel, Kassel, Germany, 22–24 October 2008; pp. 175–177. [Google Scholar]

	



Aspacher, J. Forming Hardening Concepts. In Proceedings of the 1st International Conference on Hot Sheet Metal Forming of High Performance Steel, Kassel, Germany, 22–24 October 2008; pp. 77–81. [Google Scholar]

	



Merklein, M.; Lechler, J.; Stoehr, T. Characterization of Tribological and Thermal Properties of Metallic Coatings for Hot Stamping Boron-Manganese Steels. In Proceedings of the Seventh International Conference on Coatings in Manufacturing Engineering, 1–3 October 2008; pp. 1–3. [Google Scholar]

	



Naderi, M. Hot Stamping of Ultra High Strength Steels. Ph.D Thesis, Amirkabir University of Technology, Tehran, Iran, 2 November 2007. [Google Scholar]

	



Sato, H.; Watanabe, S. Microstructure and Hardness Development in Uncoated Steel Sheets After Hot Stamping. Metall. Mater. Trans. B 2017, 48, 2760–2772. [Google Scholar]

	



Bae, S.; Kang, Y. Effects of Cooling Rate on Mechanical Properties of Uncoated Hot Stamped Steels. Steel Res. Int. 2019, 90, 1900137. [Google Scholar]

	



Wang, C.; Liu, Q. Microstructural Analysis of Hot-Stamped Uncoated Alloys. Metall. Mater. Trans. A 2020, 51, 456–467. [Google Scholar]

	



Lee, J.; Park, H. Thermal and Structural Characteristics of Uncoated Steel Sheets During Hot Stamping. Int. J. Mater. Form. 2019, 12, 685–697. [Google Scholar]

	



Xu, F.; Zhang, Y. Experimental Investigation of Formability in Hot Stamping of Uncoated Sheets. Int. J. Adv. Manuf. Technol. 2020, 106, 1425–1432. [Google Scholar]

	



Liu, J.; Zhang, X. Optimization of Process Parameters for Uncoated Hot Stamping. Materials 2022, 15, 1357. [Google Scholar]

	



Altan, T.; Tekkaya, A.E. Analysis of Uncoated High-Strength Steels in Hot Stamping Applications. J. Mater. Eng. Perform. 2016, 25, 315–322. [Google Scholar]

	



Luo, X.; Dong, H. Comparative Study on Uncoated and Coated Steels in Hot Stamping Process. J. Manuf. Process. 2019, 43, 260–269. [Google Scholar]

	



Kim, S.; Kim, J.; Kim, Y. Advanced Hot Stamping Technology for Uncoated Materials. Mater. Sci. Eng. A 2018, 734, 85–93. [Google Scholar]

	



Li, X.; Wang, Z. Heat Transfer and Mechanical Behavior of Uncoated Sheets in Hot Stamping. J. Manuf. Process. 2017, 29, 251–259. [Google Scholar]

	



Gong, H.; Yang, S. Heat Transfer Modeling of Uncoated Steel Sheets in Hot Stamping Process. Comput. Mater. Sci. 2019, 162, 56–64. [Google Scholar]

	



Guo, J.; Wei, Y. Thermomechanical Behavior of Uncoated High-Strength Steels in Hot Stamping. J. Mater. Process. Technol. 2018, 252, 350–359. [Google Scholar]

	



Karbasian, H.; Tekkaya, A.E. A Review on Hot Stamping. J. Mater. Process. Technol. 2010, 210, 2103–2118. [Google Scholar] [CrossRef]

	



Borsetto, F.; Ghiotti, A.; Bruschi, S. Investigation of the High Strength Steel Al-Si Coating During Hot Stamping Operations. Key Eng. Mater. 2009, 410, 289–296. [Google Scholar] [CrossRef]

	



Mori, K.; Ito, D. Prevention of Oxidation in Hot Stamping of Quenchable Steel Sheet by Oxidation Preventive Oil. CIRP Ann. 2009, 58, 267–270. [Google Scholar] [CrossRef]

	



Chang, Y.; Tang, X.; Zhao, K.; Hu, P.; Wu, Y. Investigation of the Factors Influencing the Interfacial Heat Transfer Coefficient in Hot Stamping. J. Mater. Process. Technol. 2016, 228, 25–33. [Google Scholar] [CrossRef]

	



Taylor, T.; McCulloch, J. Effect of Part/Die Boundary Conditions on Microstructural Evolution During Hot Stamping 2000 MPa Class Boron Steel. Steel Res. Int. 2018, 89, 1700495. [Google Scholar] [CrossRef]

	



Chen, T.; Zhao, Y. Advantages and Limitations of Uncoated Hot Stamping in Automotive Industry Applications. J. Mater. Process. Technol. 2021, 291, 116–122. [Google Scholar]

	



Kim, Y.; Kang, M. Cost Efficiency of Using Uncoated Steels in Hot Stamping for Mass Production. Procedia Manuf. 2022, 54, 78–82. [Google Scholar]

	



Kobayashi, S.; Yakou, T. Control of Intermetallic Compound Layers at Interface Between Steel and Aluminum by Diffusion-Treatment. Mater. Sci. Eng. A 2002, 338, 44–53. [Google Scholar] [CrossRef]

	



Wang, K.; Gui, Z.; Liu, P.; Wang, Y.; Zhang, Y. Cracking Behavior of Al-Si Coating on Hot Stamping Boron Steel Sheet. Procedia Eng. 2014, 81, 1713–1718. [Google Scholar] [CrossRef]

	



Gui, Z.; Liang, W.; Liu, Y.; Zhang, Y. Thermo-Mechanical Behavior of the Al–Si Alloy Coated Hot Stamping Boron Steel. Mater. Des. 2014, 60, 26–33. [Google Scholar] [CrossRef]

	



Ghiotti, A.; Bruschi, S.; Borsetto, F. Tribological Characteristics of High Strength Steel Sheets Under Hot Stamping Conditions. J. Mater. Process. Technol. 2011, 211, 1694–1700. [Google Scholar] [CrossRef]

	



Kim, J.-H.; Ko, D.-C.; Lee, S.-B.; Kim, B.-M. Hardness Prediction in Hot Stamping Process by Local Blank Heating Based on Quench Factor Analysis. Metals 2018, 9, 29. [Google Scholar] [CrossRef]

	



Li, Y.; Chen, Y.; Li, S. Phase Transformation Testing and Modeling for Hot Stamping of Boron Steel Considering the Effect of the Prior Austenite Deformation. Mater. Sci. Eng. A 2021, 821, 141447. [Google Scholar] [CrossRef]








[image: Materials 17 05563 g001] 





Figure 1. Main test devices for the hot stamping test. 
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Figure 2. Hot stamping test process of a hat-type specimen. 
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Figure 3. Hat-type specimens before and after the hot stamping test: (a) uncoated material; (b) coated material. 
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Figure 4. Oxide layer formation of the uncoated boron steel due to oxygen contact. 
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Figure 5. Point EDS composition analysis of uncoated boron steel sheets after heat treatment. 
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Figure 6. EDS mapping analysis of Al–Si-coated boron steel sheets before and after heat treatment. 
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Figure 7. Sample-capturing locations of the hat-type specimen. 
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Figure 8. SEM images at the top, wall, and flange locations to measure the oxide layer thickness of uncoated boron steel. 
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Figure 9. SEM images of Al–Si-coated hat-type specimen at the top, wall, and flange locations. 
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Figure 10. Vickers hardness of uncoated and coated boron steel sheets. 
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Figure 11. Schematic diagram of an atmosphere-controllable hot stamping simulator. 
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Figure 12. Lab-scale hot stamping simulator. 
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Figure 13. Equipment configuration for the performance evaluation of the heating module. 
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Figure 14. Locations of thermocouple attachment considering the heated area. 
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Figure 15. Temperature distribution according to the heating module output. 
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Figure 16. Installation of the oxygen analyzer inside the vacuum chamber. 
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Figure 17. Atmosphere control test result according to the nitrogen gas pressure: (a) 5.0 kPa; (b) 7.2 kPa. 
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Figure 18. Experimental results of simulated specimens through atmosphere control. 
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Figure 19. Optical microscope measurements according to atmosphere conditions at the top area: (a) oxygen 0%; (b) oxygen 2%; (c) oxygen 4%; (d) oxygen 6%; (e) oxygen 8%. 
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Table 1. Chemical compositions and mechanical strength of 22MnB5 base metal.
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Chemical Compositions [wt%]

	
Mechanical Strength [MPa]




	
C

	
Mn

	
B

	
Si

	
P

	
S

	
Cr

	
Yield Stress

	
Tensile Stress






	
0.24

	
1.10

	
0.003

	
0.26

	
0.014

	
0.001

	
0.14

	
1254

	
1545
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