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There is a certain contradiction between the formability and strength of auto parts. In this work, the whole-process processing technology of hot stamping soft steel was designed, and 500 MPa grade mild steel (500HS) with uniform microstructure was prepared. To take into account the strength and formability of hot stamping soft steel, here, based on laser welding technology, 500 MPa grade soft steel, and 1500 MPa grade hard steel are benignly composited, and by adjusting the laser welding speed and heat treatment process, the loss of mechanical properties caused by the weld seam is eliminated. A soft/hard composite steel for automobiles with excellent strength, ductility and formability is obtained. To maintain excellent deformation resistance and bonding force of the weld, the heat-affected zone of 500HS retains part of bainite and pearlite, which is beneficial to the strain compatibility and stress partitioning with the microstructure of the base metal, and the hardness is low. After heat treatment, which helps to transfer the stress concentration effect to the 500HS base metal with strong energy absorption capacity, so that the clad steel has excellent comprehensive mechanical properties. This process is developed based on existing industrialized equipment and has broad application prospects.
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1 INTRODUCTION
Lightweight is the main measure to achieve energy saving and emission reduction in the automotive industry in the future, and the use of advanced high-strength steel (AHSS) is an effective way to ensure vehicle safety performance and lightweight (Li et al., 2019; Du et al., 2021; Dong et al., 2022; Hong et al., 2022; Lai et al., 2022). AHSS is usually composed of two-phase or multi-phase microstructures with huge differences in mechanical properties (Sun et al., 2018; Feistle et al., 2022; Sedaghat-Nejad et al., 2022). The high tensile strength of AHSS is at the cost of reduced plasticity, which leads to intergranular stress concentration during the stamping forming process, causing cracking and wrinkling of the material, which limits the application of AHSS in the body (Soleimani et al., 2020; Costa et al., 2022; Zhang and Xu, 2022).
To solve the contradiction between the high strength and formability of materials (Hu et al., 2017; Cann et al., 2021; Razmpoosh et al., 2021), Zhang et al. (2023) increased the diffusion ability of atoms and enhanced the migration ability of grain boundaries through high temperature, combining stamping forming with heat treatment effectively, ultra-high-strength hot stamping steels are obtained. The ultra-high strength of hot-formed steel is caused by a high content of martensite, and ferrite or bainite is used to coordinate the plasticity of hot-formed steel. Process parameters such as austenitizing temperature, holding time, initial deformation temperature, and cooling rate have a significant impact on the microstructure and mechanical properties of hot-stamped steel (Zhao et al., 2022). Zhao et al. (2022) introduced a full martensitic structure into 38MnB5 through a cooling rate greater than 30K/s, so that the strength reached 2 GPa, but the plasticity was poor. Since several thin martensite strips with different orientations can be formed in a single prior austenite grain and arranged in parallel, there is often a large orientation difference between these strips, which makes it have poor impact resistance. (Dong et al., 2022; Zhang et al., 2023). Manladan et al. (2023) found that compared with the complete martensitic structure, retaining a small amount of ferrite or bainite reduces the strength of the steel, but it can improve the plasticity and energy absorption capacity. Zhang et al. (2015) controlled the heating rate, holding time, and rapid quenching to make the tensile strength exceed 1,500 MPa while maintaining an elongation of 8%. At present, the strength of the widely used hot-formed steel is generally ∼1,500 MPa, but the plasticity is still poor (Feistle et al., 2022; Manladan et al., 2023).
Although the forming and strength problems of a single part have been solved to a certain extent (Bhargava et al., 2018; Liang et al., 2021), in order to realize the overall design of a lightweight body, each part needs to meet different thicknesses and performance requirements. If the materials of all parts have the same grade, thickness, and performance, some parts will have a large performance margin and processing difficulty, and the cost will be high (Drexler et al., 2021). In addition, although the strength of hot-formed steel is high, its impact toughness is obviously insufficient (Feistle et al., 2022). Xu et al. (2023) proposed a soft/hard composite automotive structural material design method, using high-strength hot-formed steel as a whole, partially softening lower-strength hot-formed steel, and taking into account the overall impact energy absorption capacity of the body structure. For example, the upper part of the B-pillar is a crash support unit, and the lower part is a shock-absorbing unit. In order to realize the soft/hard composite structure of automotive parts, Yu et al. (2021) used local heat treatment of the thermoforming mold, so that the local soft area required by the part was cooled or tempered at a lower rate. This technology has poor precision in controlling the strength of the local soft area of the part, and the production efficiency is low. The laser tailor welding method can tailor and weld soft materials and ultra-high-strength materials together, and perform hot stamping at the same time to meet the requirements of different regions and different strengths of parts. Chen et al. (2022) found that when welding dual-phase steel and pure titanium, materials with a large difference in strength and hardness have differences in weldability. In addition, The temperature of the base metal is often low and the cooling rate of the weld is difficult to control, which often introduces uneven distribution of martensite and ferrite, and the quality of the weld is difficult to control. Šebestová et al. (2018) reduced the cooling rate of the weld by properly preheating the base metal, eliminated the coarse ferrite zone in the martensite structure, and improved the quality of the weld. However, this method consumes too much energy during the industrialization process. It has important scientific significance and industrial value to carry out the whole process of processing of soft/hard composite hot-forming steel.
Welding technology is commonly used in automobile manufacturing, and the most widely used technique is traditional spot welding, where two or more metal components are placed together and then welded by passing electric current through the contact point. This technique is typically applicable only to metals with good electrical conductivity, with limited adaptability, controllability, and automation. Laser welding, on the other hand, involves focusing a laser beam onto the welding joint and using the energy of the light to heat the joint to its melting point. Laser welding is often faster than traditional spot welding. The high energy density and adjustable focal length of the laser beam enable faster formation of weld seams, thereby increasing production efficiency. Traditional spot welding usually generates a relatively large heat-affected zone in the welding area, which may result in localized deformation and decreased material performance. Laser welding has a smaller heat-affected zone, minimizing material deformation and thermal effects. It is also easier to integrate laser welding systems with robots or automatic conveyors, enabling highly automated welding processes and improving production efficiency and consistency. Therefore, developing composite technologies of automotive steels based on laser welding techniques holds significant application significance.
In this work, the whole-process preparation process of hot stamping forming steel with a yield strength of ∼500 MPa is designed. Optimizing laser tailor welding parameters to design a soft/hard composite impact-resistant automotive steel with excellent energy absorption properties provides a theoretical and experimental basis for the development of automotive hot stamping steel.
2 MATERIAL AND METHODS
In this work, steelmaking test with the composition shown in Table 1 was completed by using a multifunctional induction furnace. The billet is processed in the whole process as shown in Figure 1. After the billet is heated, dephosphorized, hot-rolled, layer cooling water, curled, sand blasted, cold-rolled, annealed, cooled, and flat-die quenched, it is laser-treated with ultra-high-strength steel Tailor welding and Erichsen cupping test.
TABLE 1 | Composition of experimental steel.
[image: Table 1][image: Figure 1]FIGURE 1 | Preparation process of soft/hard composite forming steel.
2.1 Rolling and heat treatment
The slab whose composition is shown in Table 1 was heated to 1,220°C by 16166 CAL heating furnace, and the hot rolling experiment was started on a φ750 × 550 mm hot rolling mill. The final rolling temperature is 880°C, the crimping temperature is 650°C, and the final thickness of the hot-rolled sample is 3.0 mm. After the hot-rolled samples were sand-blasted to remove surface oxides, the cold-rolling test was completed on a φ450 mm straight-pull cold-rolling mill. Set the reduction rate to 53.33%, and the final thickness is 1.4 mm. The cold-rolled samples were annealed as shown in Figure 1. The cold-rolled sample was heated to 250°C at a heating rate of 6.94°C/s, then adjusted to 2.89°C/s and heated to 600°C. Subsequently, the heating rate was reduced again to 1.96°C/s, and after the sample reached 820°C, the heat preservation treatment was carried out for 89s. After completing the entire heating process, the sample was cooled to 700°C at a rate of 13.04°C/s. After holding at 700°C for 4s, it enters the fast cooling section. The rapid cooling section cools down to 360°C at a rate of 51.52°C/s. In the slow cooling section, the sample is overaged to 340°C at a cooling rate of 0.05°C/s and then cooled to 150°C at a cooling rate of 2.84°C/s. Finally quenched to room temperature. Samples are labeled 500HS.
The flat die quenching experiment was carried out using a 100t hydraulic press that can provide a pressure of 20MPa, and the temperature control accuracy was 1°C/s. The mold size is 400 × 400 mm, and the effective area is 320 × 320 mm. The lower mold is divided into left and right parts, which can be disassembled. The material of the mold is X153CrMoV12 tool steel. The cooling copper plate is connected to circulating water, and the cooling rate can reach ≥50°C/s.
2.2 Laser tailor welding
The basis for maintaining a constant laser power and changing laser speed is the thermal effect of the laser in the material processing. During the laser processing, controlling the laser power can affect the degree of melting and evaporation of the material, while changing the laser speed affects the interaction time between the laser and the material. Maintaining a constant laser power and increasing the laser speed will reduce the interaction time between the laser and the material, resulting in a decrease in the degree of melting and evaporation. This is applicable for finer welding and precise cutting. Conversely, reducing the laser speed increases the interaction time between the laser and the material, resulting in an increase in the degree of melting and evaporation. This is suitable for deeper cutting or welding requirements.
Therefore, based on the process requirements and desired processing effects, the laser speed can be adjusted to control the interaction time between the laser and the material to achieve the desired processing effect. At the same time, maintaining a constant laser power ensures the stability of the laser irradiation intensity, further affecting the uniformity and consistency of the processing quality.
T1500HS steel is a commercial advanced automotive steel provided by Tangshan Iron and Steel Group. Firstly, the 1.4 mm thick T1500HS and the 1.4 mm thick 500HS were cut into samples with a size of 100 × 100 mm through EDM. Laser tailor welding is performed using the laser tailor welding machine (SLCWF-X0610) shown in Figure 1. The welding parameters are: laser power is 2.0KW, welding speed is 2.5 m/min, 3 m/min, 3.5 m/min, 4 m/min, shielding gas flow rate is 20L/min, the samples of the four processes are named V1, V2, V3, and V4. Three sets of spare samples were welded by each process, and the hot stamping test was simulated after welding. Due to the small size of the samples, the plan was to place the tailored welded blank in a muffle furnace at 930°C, keep it warm for 5 min, and quickly move it to water for water quenching. Then take a group of quenched samples to simulate the paint baking process, put them in a furnace at 170°C for 20 min, and then cool them naturally. There are no defects on the front and back of the tailored welded blank, and there is no protrusion on the bottom, which meets the experimental requirements, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Macroscopic morphology of T1500HS and 500HS after laser welding, (A) V1, (B) V2, (C) V3, (D) V4. The welding joints are marked with different numbers of white lines, corresponding to V1, V2, V3, and V4, respectively.
2.3 Microstructure and mechanical properties testing
After the metallographic sample is ground and polished, the surface is etched with 4% nitric acid alcohol solution for 2∼4s, and then the macroscopic morphology and fine structure of the test sample are observed with a Zeiss optical microscope and a Zeiss scanning electron microscope.
Cutting from the middle of the sample into a dog-bone tensile sample with a width of 12.5 mm and a length of 70 mm. To use the Zwick tensile testing machine to carry out the tensile test along the rolling direction, use the small load Vickers hardness tester HV-5SPTA and the cupping test machine BCS50A to carry out the Vickers hardness test and Erichsen cupping test, the load is 500gf, and the pressure is maintained for 15s. The bending angle is detected on an electronic universal testing machine, and the sample size is 60 × 60 mm.
3 RESULT AND DISCUSSION
Hot rolling is a complex heat-activated process. To obtain the expected surface quality and mechanical properties of hot-stamped steel, it is necessary to strictly control the hot-rolling temperature and hot-rolling conditions to obtain uniform ferrite and pearlite structures (Du et al., 2022; Du et al., 2023b). It can be seen from Figure 3 that the processing technology we designed can obtain hot-rolled samples with uniform microstructure. Using the statistics of Image Pro software, it can be seen that the hot-rolled sample is composed of ∼76% volume fraction of ferrite with irregular grain boundaries and ∼24% volume fraction of lamellar pearlite. After blasting, the surface quality of the hot-rolled samples can meet the conditions of cold-rolling (Figure 1). Under the rolling force of cold rolling, the microstructure of the hot-rolled samples undergoes severe plastic deformation along the rolling direction, and even after short-term continuous annealing, the strip-like characteristics are still retained. Ferrite is elongated and refined during cold rolling and annealing. Pearlite was precipitated during annealing, and the content increased to 31%. After the annealed sample is quenched by a flat die, a uniform microstructure of equiaxed ferrite, martensite, and a small amount of acicular bainite is obtained. The ferrite content is reduced to ∼62%, and the volume fraction of martensite and bainite is ∼38%.
[image: Figure 3]FIGURE 3 | Microstructure during the preparation process of hot pressing-formed soft steel. (a1–a2) Microstructure observed by optical microscope (OM) after hot rolling of the sample. (b1–b2) Microstructure observed by OM after cold rolling and annealing of the sample. (c1–c2) Microstructure observed by OM after flat die quenching of the sample. (d1–d2) Microstructure observed by SEM after flat die quenching of the sample.
During the process of hot rolling, cold rolling, annealing, and flat die quenching, the strength of the experimental sample fluctuates slightly. The yield strength of the hot rolled sample is 606MPa, the tensile strength is 667MPa, and the elongation is 11.06% (Figure 4). During the cold rolling process of hot-rolled samples, ferrite grain refinement and lamellar pearlite fragmentation are induced, resulting in higher grain boundary strengthening. It can be predicted that this process will inevitably increase the strength. According to the law of strength-plasticity inversion of metal materials (Du et al., 2023a), due to the introduction of substructures and the accumulation of distortion energy, the plasticity of materials is bound to be deteriorated. In order to match the strength and plasticity of the material, the migration of grain boundaries and the merging of dislocations are controlled by cold rolling and continuous annealing, and higher grain boundary strengthening and dislocation strengthening are introduced into the microstructure so that the strength of the sample varies less, it also has higher plasticity. The yield strength of the annealed sample after cold rolling was 580 MPa, the tensile strength was 632 MPa, and the elongation was 13.1% (Figure 4). The annealed samples after cold rolling were austenitized and die-quenched to introduce a small amount of hard martensitic microstructure, allowing the material to continue to maintain deformation resistance (Figure 4). The strength of the flat die quenched sample decreased slightly, the yield strength was 492MPa, the tensile strength was 644MPa, the elongation was 13.67%, and the bending angle reached 150° (Figure 4A). The full-process hot stamping 500HS we designed has excellent comprehensive mechanical properties (Figure 4B), has broad industrialization prospects, and provides the basis for the subsequent preparation of soft/hard composite automotive steel.
[image: Figure 4]FIGURE 4 | Mechanical properties of 500HS formed by hot stamping, (A) engineering stress-strain, (B) distribution diagram of yield strength and elongation, (C) bending test.
The hard T1500HS sample and the soft 500HS sample developed are used as the base material, and the two are combined by laser welding technology to explore the microscopic morphology and deformation characteristics of the weld. There are significant differences in the chemical composition and phase transition points of the two base metals, which make the parts of the joints of the samples heated unevenly during the welding thermal cycle, resulting in differences in the microstructure and width of each area. The width of the heat-affected zone of T1500HS is larger than 500HS. It is found in Figure 4 that the welding speed of V1 and V2 samples is relatively slow, the amount of molten metal is relatively large, and the surface tension is difficult to maintain the molten pool in the weld, but sinks from the middle of the weld, forming pits, and the sinking phenomenon occurs (Figures 5A1, B1). The weld seam of the V3 sample is flat, the microstructure is fine and dense, and there is no obvious boundary (Figure 5C1). Due to the faster welding speed of the V4 sample, the liquid metal flowing in the center of the weld had no time to redistribute, so it solidified on both sides of the weld, forming undercut defects (Figure 5D1).
[image: Figure 5]FIGURE 5 | Microstructure of soft/hard composite steels, (A1∼A4) V1, (B1–B4) V2, (C1–C4) V3, (D1–D4) V4.
As shown in Figure 5, it can be seen that the weld area under each process is composed of martensitic microstructure. It is because the heat of the laser beam is concentrated during the welding process, causing the peak temperature of the weld area to reach the melting point temperature of the base metal, which quickly makes the base metal on both sides Melt and fuse with each other, and the welding heat diffuses to the base metal on both sides, the weld zone has a faster heating rate and cooling rate, and martensite structure is formed during the rapid cooling process. Each sample has the same feature, and the microstructure of lath martensite in the heat-affected zone of T1500HS is more obvious (Figure 5). Due to the high temperature obtained in this area and the large span, the base metal is partially austenitized. During the subsequent cooling process, ferrite and martensite are formed in the heat-affected zone near the weld, and there are still Pearlite organization. The microstructure of the 500HS heat-affected zone on the other side (Figures 5A4–D4), which is similar to the T1500HS side, is martensite and ferrite and contains a small amount of granular bainite. With the increase of welding speed, the content of martensite in the structure increases obviously, and the content of granular bainite decreases. The difference in the structure of the heat-affected zone on both sides of the welded joint is mainly due to the difference in the chemical composition of the base metal on both sides. T1500HS has added part of Cr, and the high-temperature austenite is relatively stable. During the cooling process of the sample during welding, due to its good hardenability, a large amount of martensite microstructure will be formed in the weld. The 500HS contains relatively fewer carbon and alloy elements, and the critical cooling rate for obtaining martensite is relatively high. During the welding cooling process, pearlite and bainite structures are easily formed.
After the weld martensite is heated, the microstructure of the weld undergoes static recrystallization. During the quenching and cooling process, the columnar crystals disappear and are replaced by relatively regular equiaxed crystals, showing a non-directional lath martensite. Body and the structure is denser than before quenching. As can be seen in Figure 6, after quenching and tempering at a low temperature of 170°C, a clear martensitic microstructure can still be observed.
[image: Figure 6]FIGURE 6 | Microstructure of welds after heat treatment, (A∼D) are quenched V1, V2, V3 and V4, (E∼H) are quenched and tempered V1, V2, V3 and V4, respectively.
The engineering stress-strain curves and related comprehensive mechanical properties of each welded sample are shown in Table 2 and Figure 7. After laser welding, the strength of tailor-welded blank samples under the four welding processes is between the two base metals (500HS and T1500HS). There is a burning loss of the total elements during the welding process, and the elements redistribute after welding. The alloy composition of the material varies greatly, and the alloy elements of the joint change under the action of the welding heat cycle (Yu et al., 2023). After cooling, the weld zone has higher strength and hardness. During the stretching process, the deformation will be concentrated on the base metal on both sides, while the deformation of the welded joint in the middle of the sample is very small, which increases the deformation inhomogeneity of the entire sample, and eventually causes the sample to break at the base metal. In comparison, the comprehensive mechanical properties of V3 are better. It shows that the welding speed is an important factor affecting the welding quality. If the welding speed is too low, the material will vaporize, while if the welding speed is too high, the weld will not penetrate and the performance of the joint will deteriorate (Chaudry et al., 2023).
TABLE 2 | Mechanical properties of welded joints.
[image: Table 2][image: Figure 7]FIGURE 7 | Engineering stress-strain curves and post-fracture states of soft/hard composite samples prepared by a laser welding technique, (A) annealed sample, (B) quenched sample, (C) quenched and tempered sample.
It can be seen from Table 2 and Figure 7 that after heat treatment of laser welded blanks, V3 still has high comprehensive mechanical properties, its fracture strength is moderate, and the fracture positions are all located at 500HS. It is considered that it is mainly caused by the large difference in strength between T1500HS and 500HS base metal after quenching. During the stretching process, the weaker base metal 500HS deformed first. Due to the higher strength of the weld, the weld did not reach yield during the stretching process, and the 500HS had already necked and finally fractured. After tempering treatment, V3 still has better overall performance, its fracture strength decreases slightly, and its strength is higher than that of the lower base material 500HS, and its elongation increases. It can be seen that the process meets the welding requirements of 500HS and T1500HS. During the stress process, the weld deviates to the high-strength T1500HS side, and stress concentration occurs on the low-strength 500HS side. After quenching and subsequent tempering, the weld still maintains high strength, the tensile specimen necks and breaks at the low-strength 500HS side, and the weld meets the service requirements.
The hardness distribution of tailor-made welded blanks before heat treatment is shown in Figure 8. The hardness of the four processes all showed a trend of increasing first and then decreasing, that is, the base metal T1500HS < heat-affected zone (HAZ) < weld (WM) < HAZ < base metal 500HS. The peak of hardness distribution is located in the weld zone. This is due to the small heat of laser welding and the fast cooling rate during welding, which exceeds the critical cooling rate of martensite transformation, and the microstructure is all martensite. The hardness value of the base metal area is the lowest, and compared with the peak value of the weld area, the hardness difference between the two is as high as 386HV. The heat-affected zone near the weld is ferrite and martensite (Figure 5), while pearlite and bainite exist on the side near the base metal, and the hardness tends to be low on both sides and high in the middle. Overall, the difference in hardness between the weld and the base metal at the four welding speeds is basically the same.
[image: Figure 8]FIGURE 8 | Weld hardness distribution before heat treatment, (A) V1, (B) V2, (C) V3, (D) V4.
The hardness of the weld after quenching was detected and analyzed. As shown in Figure 9, under the four-speed processes, the hardness increases monotonously from the 500HS side of the base metal to the T1500HS side, and the hardness distribution peak is located on the T1500HS base metal side. This is because T1500HS is completely transformed into quenched martensite after high-temperature quenching, and 500HS is transformed into ferrite and martensite microstructure, while the microstructure of the weld zone hardly changes, and the maximum hardness difference reaches 205HV.
[image: Figure 9]FIGURE 9 | Weld hardness distribution after heat treatment, (A) V1, (B) V2, (C) V3, (D) V4.
The welding quality of laser overlaid plates was examined by conducting a cupping test using a plate forming machine, as shown in Figure 10. The cupping cracks formed perpendicular to the weld, without tearing along the weld, which verifies the feasibility of laser welding technology for composite joining of soft steel and hard steel, with good weld quality. Normally, a higher content of martensite in the weld can enhance hardness and strength but may deteriorate ductility to some extent. However, the higher content of bainite and pearlite in the heat-affected zone enables the adaptation and transmission of external loads during the cupping process, thereby improving the weld’s plasticity and ductility.
[image: Figure 10]FIGURE 10 | Cupping test of V3 sample before and after heat treatment: (A) before heat treatment; (B) after heat treatment.
4 CONCLUSION
This work designs a 500 MPa grade hot stamping 500HS composed of a large amount of ferrite and a small amount of martensite. The annealed sample is subjected to plane quenching treatment, and its mechanical properties show the same law as that of the annealed sample, reaching the industry standard, achieving 150° bending without cracking, and showing a wide range of industrialization prospects.
The preparation of 500 MPa grade soft/hard composite hot stamping steel is realized here. The changes in microstructure, mechanical properties, and microhardness before and after tailor welding and heat treatment of 500HS and T1500HS at different laser speeds were studied. We found that before heat treatment, the comprehensive mechanical properties of laser-welded blanks at four welding speeds were between the two base metals. Before heat treatment, the welds under different processes can all be transformed into martensite. However, due to the different alloy composition, the heat-affected zone on the T1500HS side is basically completely transformed into martensite, while the 500HS side still has part of bainite and Pearlite. The hardness peak of tailor-welded joints is located in the weld zone. After heat treatment, the weld structure is still all martensitic, but denser than before. The weld seam shifts to the high-strength T1500HS side and stress concentration occurs on the low-strength 500HS side, and the weld seam still maintains a high strength. The hardness of the weld joint increases monotonically from the 500HS side to the T1500HS side. The comprehensive mechanical properties obtained at the welding speed of 3.5 m/min are the best, and the loss of comprehensive properties caused by the weld seam is the smallest.
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