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Abstract

:

Improvement of the hot stamping process is important for reducing processing costs and improving the productivity and tensile properties of final components. One major approach to this has been to conduct all or part of the process at lower temperatures. The present paper reviews the state of the art of hot stamping techniques and their applications, considering the following aspects: (1) conventional hot stamping and its advanced developments; (2) warm stamping approaches in which complete austenitisation is not attained during heating; (3) hot stamping with a lower forming temperature, i.e., low-temperature hot stamping (LTHS); (4) advanced medium-Mn steels with lower austenitisation temperatures and their applicability in LTHS. Prospects for the further development of LTHS technology and the work required to achieve this are discussed.
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1. Introduction


Owing to the depletion of non-renewable energy resources and the environmental impact of burning fossil fuels, there has been a strong push to improve the fuel efficiency of automobiles in recent years. One of the most feasible approaches is by light-weighting; a 10% weight reduction can lead to an almost 2.5% increase in fuel efficiency [1]. The automotive industry is thus working on reducing vehicle weights with simultaneous improvements in safety and crashworthiness. This can often be achieved either by using lighter materials, such as aluminium alloys, or by using stronger materials such as advanced high strength steels (AHSS) in the body in white (BiW) of vehicles. Hot stamping technology has been developed as a specialised production technique for the manufacture of components from AHSS; this addresses the shortcomings encountered in conventional cold forming technologies, such as poor formability, high impact on the tools and an elevated tendency to springback [2]. The most commonly used AHSS materials are boron (Mn-B) steels, such as 20MnB5, 22MnB5 and 27MnCrB5, which show a yield strength (YS) of above 770 MPa and an ultimate tensile strength (UTS) of above 1300 MPa with a total elongation (TE) of around 6–8% in hot-stamped parts [3]. The most notable example to date of the application of hot-stamped AHSS in the automotive sector is the 2014 Volvo XC90, where hot-stamped sheet steel was applied for around 38% of the BiW, including the front- and rear-side longitudinal members, A-, B- and C-pillar reinforcements, roof rail reinforcements and floor cross members [4]. The 2014 Acura MDX was another notable example, in which hot-stamped steel was adopted for the A- and B-pillars, roof rail and sill reinforcements [5].



Hot stamping technology for Mn-B steels is now mature and has been commercialised internationally, especially for sheet in the 1500 MPa UTS class. The process chain is illustrated in Figure 1a [6] and a schematic representation of the thermomechanical cycle and the microstructural evolution during the hot stamping process is shown in Figure 1b [7]. During the process, the steel coil is first cut into blanks, heated up to 900–950 °C in a furnace and held isothermally for around 5–10 min until the initial ferrite-pearlite microstructure is completely transformed to austenite [7]. The blanks are subsequently transferred from the furnace to a press, where they are formed at around 700 °C or higher, then quenched to room temperature with a cooling rate of at least 27 °C s−1, this being the critical rate necessary to obtain a fully martensitic transformation in the material, assuring ultimate tensile strength of up to 1700 MPa [8]. Finally, the hot-stamped part is post-treated, applying processes such as tempering, trimming and punching, to satisfy the requirements of commercial customers [1]. Much research into hot stamping technology has already been published. For instance, Karbasian [3] has summarised the hot stamping procedure including the thermal, mechanical, microstructural, and technological aspects and has shown the potential for further investigations. Merklein and Lechler [9] have reported that hot-stamped 22MnB5 steel parts could be produced with an ultimate tensile strength of 1500 MPa. Naderi et al. [10] have investigated and analysed the microstructural evolution and corresponding mechanical properties in B-pillars with different designs during the hot stamping process.



However, the current hot stamping technology has the following inadequacies [11,12]: (1) The productivity is low due to a long cycle time including both heating and cooling. (2) The cost of protection against oxidation and decarburisation, such as coating or fabrication in an oxygen-free environment, is high. (3) Due to a low ductility, the product is unsuitable for use in energy-absorbing structures. (4) The process requires a large investment in production equipment (including a cooling system with complex design, large furnace and laser trimming).



Due to the globally increasing demand for application of the hot stamping technology within automobile manufacture, there has been great interest in solving these issues. In recent years, several technologies have been developed to improve the production efficiency and enhance the final performance of hot-stamped components. Section 2 of this paper briefly introduces these recent developments in hot stamping. However, the improvements achieved are still not sufficient and these technologies have not been widely implemented in industrial production. Another approach that has recently attracted a great deal of research attention is that of conducting the process at lower temperatures than are typical in the current conventional hot stamping process. This can significantly reduce the process cycle time and save energy and cost. These desired objectives can be achieved through reducing the heating temperature and/or forming temperature and using advanced materials with lower austenitic transformation temperatures (A1 and A3), e.g., medium-Mn steel (MMn) steels [13,14,15]. Recent developments in hot stamping technology with reduced temperatures are critically reviewed in Section 3, including both warm stamping and low-temperature hot stamping (LTHS). Section 4 covers the mechanical behaviour and microstructural mechanisms of MMn steels which good candidates for LTHS. The application of MMn steels in LTHS processes is reviewed in Section 5. Section 6 summarises the conclusions and prospects for future developments in this field.




2. Recent Developments in Hot Stamping


Many novel techniques have been proposed and developed to improve the hot stamping process from the points of view of cost savings, productivity and final performance of hot-stamped components. These technologies include advanced approaches to heating, stamping, die-quenching and post-form treatment, as well as the use of tailored heating and quenching and partitioning (Q&P) techniques [16,17,18,19].



2.1. Advanced Approaches to Heating


Alternative heating technologies, such as electrical resistance heating, induction heating, and direct contact heating (illustrated schematically in Figure 2), as well as infrared heating, have been used to improve the productivity and energy efficiency by shortening the heating time with respect to that achievable using the conventional roller hearth furnace [17,18]. These alternative techniques can also reduce the size of the equipment required. Mori et al. [20] proposed the use of rapid electrical resistance heating in hot stamping (Figure 2a). They suggested that the blanks could be heated up to 800–900 °C in only 2 s by connecting two pairs of electrodes; this approach almost eliminates the formation of oxide scale that occurs during longer heating times. Zhang et al. [21] have demonstrated experimentally the feasibility and merits of resistance heating in B1500HS boron steel. However, resistance heating cannot create a uniform distribution of temperature in the blank during the hot stamping process, and this results in poor formability and final mechanical properties. Kollek et al. [22] proposed an advanced rapid heating method using induction heating (Figure 2b), which was implemented through an induction coil carrying high-frequency alternating current (AC). A related method, which used elliptical induction coils to uniformly and rapidly heat 1.2-mm-thick boron steel, was successfully invented, investigated and shown to give good final quality by Kim et al. [23]. Vibrans et al. [24] integrated an induction heating device into a conventional heating line to heat up the sheet rapidly to around 950 °C, after which it was transferred for soaking to a roller hearth furnace. This novel design gave a time saving of about 50% with respect to the conventional process, while avoiding the problem of non-uniform heating. Recently, Ploshikhin et al. [25,26] have proposed the application of a direct contact heating method (Figure 2c) in which the sheets are press-heated by two hot plates. A heating cycle time of only around 30 s is required to fully austenitise a typical Al-Si-coated boron steel and a good uniform temperature distribution is achieved. This technique requires less production space and has a higher energy efficiency than heating using a roller hearth furnace. In addition, infrared radiation has also been considered as a novel heating method, but this has a relatively low heating rate compared to the methods introduced above. It can be classified into far and near types [20]. Far-infrared heating is good for temperature control and has been gradually developed to be employed in the hot stamping industry [27,28]. Near-infrared heating has a higher conversion efficiency but with poor temperature control capabilities. Hence, investigations have so far focused on partial heating or local heating. Lee et al. [29,30] used near-infrared heating devices to locally heat non-quenchable AHSS to reduce the springback induced by cold forming. However, most of the processes described above are still limited to laboratory scale and further work is required to determine their viability for industrial applications.




2.2. Advanced Stamping and Die Quenching Technologies


Optimisation of stamping and die quenching systems is another important way of improving the productivity and the final performance of the hot-stamped parts. As shown in Figure 3, three aspects have been considered and investigated: (1) increasing the contact pressure, (2) increasing the heat transfer area and (3) improving the die and cooling system. Schuler [31] has proposed and developed a new type of hot stamping press tool (Figure 3a), named pressure-controlled hardening (PCH), which uses a hydraulic bed cushion to increase the pressure and thus the contact surface between blank and die. The heat transfer coefficient is increased, resulting in a shorter stamping time and leading to higher productivity. Vollmer et al. [32] and Palm et al. [33] experimentally studied the effectiveness of the PCH cushion, demonstrating an increase in productivity from 2–3 strokes per min (spm) with conventional hot stamping equipment to almost 7–8 spm with the cushion. Figure 3b illustrates an attempt to increase the contact area of heat transfer for blanks by direct injection of water into the inevitable gap between the blank and the die during stamping to avoid poor heat transfer. Maeno et al. [34] conducted a series of tests using this water and die quenching technique. Their results showed not only an improvement of productivity to 10 spm, but also an enhanced formability thanks to the more uniform heat transfer. Although these two methods have begun to be applied in commercial production, they require an increased investment in equipment and the return-on-investment for these techniques has not yet been evaluated.



Figure 3c represents other advanced methods adopted in the die and quenching system to improve the heat transfer and the heat and abrasion resistance [35]. Many researchers [36,37,38,39] have already made great efforts to develop the cooling channel design by analysing the phase transformations in the blank, the design of die structures and the influence of flow velocity. They have also worked to optimise cooling system parameters, such as the gap between the channels and the depth from the channels to the die surface, in order to improve the cooling performance and minimise the quenching time. Despite these achievements, the range of applications of such cooling systems is inevitably restricted by their complex design and the high costs of manufacturing and maintenance. In a different approach, Li et al. [40] recently experimentally and numerically investigated the influence of thermal conductivity of dies on the cooling behaviour and final product performance, using five dies with different thermal conductivities. Their results showed that the cooling performance and formability were significantly improved by increasing the thermal conductivity of the die, showing the feasibility of this approach. However, the investment involved in introducing these dies may be too high for commercial application.




2.3. Tailored Microstructures and the Quenching and Partitioning Process


Additionally, in order to improve the final performance of hot-stamped components and widen their application, two novel techniques have been developed, one in which hot stamping is combined with a tailored microstructure [11] and the other in which it is combined with a quenching and partitioning (Q&P) process [41,42,43,44]. A typical example of a B-pillar with a tailored microstructure after hot stamping is shown in Figure 4a. Here, the upper region has a higher tensile strength with a fully martensitic microstructure to support the vehicle structure. The lower region has a higher ductility with only a partially martensitic microstructure, the remainder consisting of ferrite and pearlite, to absorb more energy during a possible car crash [11]. Several methods are available to obtain tailored microstructures, such as partial heating, differential cooling, tailor-welded and rolled blanks and partial annealing after hot stamping. [45,46,47,48,49,50,51,52]. For example, Oldenburg [45] used a material combination approach to develop dies comprising materials of different thermal conductivities to achieve different cooling rates as a function of location during the forming stage. This enabled the boron steel microstructure after hot stamping to be tailored. Yun et al. [50] further developed the material combination approach, using lithium nitrate undergoing a phase transformation as the part with low thermal conductivity. This effectively avoided the problem of heat conduction between different materials, and high-quality tailored blanks could be obtained. However, the processes involved in all these approaches are rather complicated and involve extra cost, and the feasibility has so far only been demonstrated on a laboratory scale.



The Q&P heat treatment process was first proposed by Speer et al. [41,42,43,44]. As shown in Figure 4b [42], the treatment starts with a full or partial austenitisation followed by rapid cooling to a quenching temperature (QT) between the martensite start temperature (Ms) and martensite finish temperature (Mf) to obtain a predesignated fraction of martensite. In the subsequent partitioning treatment, the material is held at a partitioning temperature (PT), which can be equal to QT (one-step treatment) or somewhat higher than QT (two-step treatment) [53,54]. The aim of this novel process is to partition carbon into the austenite and increase the stability of this phase at room temperature, thereby improving the final ductility and toughness through the transformation induced plasticity (TRIP) effect in the retained austenite. Based on this, Liu et al. [55,56] integrated a Q&P treatment into a hot stamping process and examined its efficacy in improving the final performance of conventional hot-stamping boron steel. The ductility was increased from 6.6% to 14.8% after a Q&P treatment at 320 °C for 30 s. Zhu et al. [57] further developed a new hot air system for partitioning; this replaced the conventional furnace to easily and rapidly control the temperature of the blank after quenching with a uniform temperature distribution. However, it is still difficult to achieve isothermal partitioning process in an industrial environment. For the industrial application of Q&P in hot stamping, it is necessary to further investigate the possibility of non-isothermal partitioning and the effect of the Q&P treatment on the impact properties and resistance to hydrogen embrittlement of the steel rather than its ductility only.




2.4. Post-Form Treatments


Finally, post-form treatment processes have also been investigated. Owing to the high strength and hardness of hot-stamped boron steels, wear, chipping and failure in the tools used for post-form machining can cause serious damage, which in turn can lead to high costs and poor productivity [58]. Laser cutting technology is an alternative to mechanical shearing, but it requires high energy input and has a low productivity. Researchers have tried to find different ways to address these shortcomings. For example, Choi et al. [16] have proposed a new hot stamping process for softening local areas and reducing the trimming load, which can improve tool wear. Mori et al. [59] suggested a punching process for AHSS to relax the flow stress in areas with high deformation. So et al. [60] have developed warm blanking as an alternative blanking strategy; here, the temperature of the hot-stamped parts remains above the martensitic transformation temperatures (Ms or Mf) to increase the tool life by reducing the shearing load. In all these methods, it is necessary to improve the structure of the tooling, which could lead to significant additional expense in tool design and manufacturing.



Although, as has been seen, many new developments have been investigated in hot stamping technology in recent years, most of these remain at the level of the laboratory and cannot be applied to benefit industrial production. Recently, however, approaches in which the processing temperature is reduced have attracted much attention owing to their potential as a replacement for conventional hot stamping processes, allowing cost savings, improvements in productivity and better final mechanical properties of stamped parts.





3. Progress in Development of Stamping Processes at Lower Temperatures


One of the main developments proposed to give higher drawability and ductility, reduced occurrence of oxidation (avoiding the need for a protective coating), improved productivity and reduced cost compared to conventional hot forming processes is moving to lower processing temperatures. Two approaches have been considered: (1) conducting the pre-forming heating step and the forming step at a lower temperature than in conventional hot stamping, without achieving full austenitisation and (2) forming at a lower temperature after heating at the same temperature as for conventional hot stamping [13,15,61]. The process for approach (1) is referred to as warm stamping, which will be discussed in detail in Section 3.1. The terminology “hot stamping” is reserved for cases where there is a complete transformation to austenite during the heating step, enabling the production of a fully martensitic microstructure on sufficiently rapid cooling after forming. In this paper, we define “low-temperature hot stamping” (LTHS) as such a hot stamping process carried out at lower temperatures than is the case in conventional hot stamping of boron steels, as in approach (2) above, which is presented in Section 3.2.



3.1. Warm Stamping


Figure 5 shows a schematic of a warm stamping process: the blank is heat-treated under similar conditions to those of the traditional hot stamping process, except that the heating temperature is lower than A3 (the minimum temperature at which the steel is fully austenitic under equilibrium conditions). The material does not undergo a complete transformation to austenite during the high-temperature parts of the process, and this leads to a microstructure consisting of martensite, ferrite, retained austenite and pearlite at the end of forming, resulting in a lower strength and higher ductility than if full austenitisation were achieved. Research on warm stamping processes has mainly focused on (1) application to conventional AHSS (designed for cold stamping) to reduce the springback and improve the formability and final performance; higher temperatures cannot be used in these cases because this would cause a loss of strength [15,61,62], and (2) boron steels with partial heating to obtain tailored properties and widen their applications [63,64,65].



A great advantage of moving to lower temperatures for the heating step is that existing production lines for hot stamping can still be used with a decrease in the heating temperature of the furnace, avoiding heavy capital investment often associated with a new process. Using basic energy equations and furnace parameters, it can be estimated that a reduction of 100 °C in the temperature of the roller hearth furnace is equivalent to a decrease in power of 200 KW/h [66,67]. Thus, a saving of almost 0.2 million GBP of electric power per year could be envisaged by applying this temperature reduction to a single production line for any hot-stamped boron steel part. By controlling the process conditions, it is possible to obtain values of yield strength between 400 and 700 MPa, ultimate tensile strengths between 650 and 1200 MPa and total elongations between 10% and 25%; this is a wider range of strength properties and a higher ductility than is available with conventional hot stamping [61,62].



Mori et al. [61] have experimentally investigated the effect of warm and conventional hot stamping on the springback and formability of ultra-high tensile strength steel sheet (commonly used for cold forming). They suggested that the optimum heating temperature was around 600 °C; this gave minimal springback and oxidation layer thickness combined with the still considerable ultimate tensile strength of 980 MPa. Based on this result, Naderi et al. [15] investigated the feasibility of warm stamping of the steel grade MSW1200 (0.14C–1.71Mn–0.55Cr) developed for cold forming which had an initial yield strength, ultimate tensile strength and total elongation of about 400 MPa, 640 MPa and 26%, respectively. The mechanical properties after conventional cold forming followed by quench hardening (950 °C, 10 min), hot stamping (950 °C, 10 min) and warm stamping (650 °C, 10 min) are listed in Table 1. It can be seen that warm stamping gives lower yield and ultimate tensile strengths than conventional cold forming and hot stamping, but a much higher total elongation. The performance of AHSS is often estimated using the product of ultimate tensile strength and total elongation (UTS × TE) [68]. The results in Table 1 show that a much higher value of this product is obtained in this steel by warm stamping than using the other processes. The combination of tensile strength and ductility obtained by warm stamping is suitable for application in some automobile parts where high toughness, defined as a good combination of strength and ductility, is required, such as front- and rear-side members.



Recently, many investigations have focused on warm stamping with a rapid heating rate for conventional cold-forming AHSS to further reduce the cycle time and degree of surface oxidation. Mori et al. [62] examined the application of this type of process to ultra-high-strength steel sheet. They found that, while the parts produced showed hardly any improvement in springback after warm stamping, the tensile strength of 1200 MPa and total elongation of 22% achieved allowed these parts to replace some parts produced by conventional hot stamping. This enables much cheaper and easier production while still giving sufficient final performance. In order to further improve the production rate, Sun et al. [69] investigated the effectiveness of a fast warm stamping technique in MS1180 steel sheet, where the temperature for soaking ranged from 300 to 500 °C. The components were stamped immediately after soaking. Good performance of the stamped components, with a post-form tensile strength of 1140 MPa, was achieved for specimens stamped at temperatures of 400–450 °C with a heating rate of over 50 °C s−1; the overall cycle time was less than 10 s. Although ultra-high strength steels exhibit a good combination of strength and ductility after warm stamping, the resulting strengths are insufficient to meet the requirements for car body structures, i.e., >1200 MPa UTS; in addition, it is not possible to reduce the car weight by reducing the thickness of the vehicle parts while retaining the required strength.



Several studies have been carried out with the aim of employing hot stamping boron steel with tailored properties; one of the approaches used was to reduce the heating temperature. Mu et al. [65] examined the effect of heating parameters on the mechanical properties of 22MnB5 steel. They found that the UTS gradually increased from 543 to 1596 MPa with increasing heating temperature in the range 700 to 900 °C due to the increasing extent of austenitisation; the total elongation displayed an opposite trend. Li et al. [63] found a similar result by heating hot stamping boron steels in the temperature range 720–900 °C. However, changes in UTS and TE were insignificant once the heating temperature exceeded 820 °C; this proved to be the threshold required to obtain a certain martensite fraction after quenching. The mechanical properties remained essentially unchanged once this threshold martensite fraction had been reached. Methods of tailoring properties in boron steel using lower heating temperatures are still immature, due to difficulties in controlling temperature gradients. Results so far have shown great potential for the use of reduced heating temperatures in the conventional hot stamping process for boron steel, but further research may be necessary to investigate the minimum heating requirement for acceptable material performance.




3.2. Low-Temperature Hot Stamping


Further improvement in mechanical properties of hot-stamped materials has been attempted by reducing the forming temperature only; in this case, the process is called low-temperature hot stamping. In conventional hot stamping, a completely austenitised blank initially at around 950 °C normally takes about 10–20 s to be quenched to 150–250 °C within a die and cooling system [34]; this is an obstacle to increasing the productivity. Beside this, the die temperature gradually increases during the production of parts quenched from high temperature, leading to severe wear that reduces the lifetime of the dies [70,71]. To overcome this limitation, as shown in Figure 6, Balint et al. [72] and Ota et al. [73] have proposed a novel process whereby the austenitised steel blanks are pre-cooled to a temperature just above the martensite start temperature before stamping. At this lower forming temperature, strain hardening can be enhanced, improving the drawability and formability; the productivity can also be increased by shortening the cooling cycle time.



There are many examples in which the application of this method has been investigated with the aim of improving the performance of hot-stamped components. Tata Steel examined a pre-cooling method in hot stamping to solve the issue of micro-cracking due to high temperature in zinc-coated boron steel, where the coating had been applied to protect against the formation of thick oxide layers [74]. Cracking can theoretically be avoided if the zinc-coated boron steel is hot-stamped at a lower temperature, i.e., between 500 and 740 °C. Nippon Steel and Sumitomo Metal [75], Kobe Steel [76] and ThyssenKrupp [77] have all focused on hot stamping with lower forming temperatures to improve the final performance of parts. Ganapathy et al. [13,78] experimentally investigated an uncoated 22MnB5 steel subjected to this new LTHS process and compared the mechanical properties and productivity to those of the same material subjected to conventional hot stamping. The experimental apparatus used a pre-cooling system of compressed air at 10 bar, giving a fast cooling rate of >60 °C s−1. The temperature was monitored and controlled using calibrated non-contact digital infrared thermometers. The material was heated up and held at 900 °C for about 60 s to give full austenitisation, then pre-cooled to a forming temperature above Ms (around 400 °C for 22MnB5 steel) to guarantee a fully martensitic transformation in the blanks on subsequent quenching. After pre-cooling, the blanks were stamped within the die. The results showed that both the yield strength and ultimate tensile strength had similar values to those seen in conventionally hot-stamped boron steel, with around 1000 MPa YS and 1500 MPa UTS. In addition, the low-temperature hot stamped 22MnB5 steels displayed a more uniform distribution of temperature and a better formability as well as a great improvement in productivity, with a reduction of at least 60% in the required quenching time.



Recently, Ganapathy et al. [79] have proposed another new LTHS process in as-quenched martensitic 22MnB5 steel with the aim of reducing the forming cycle time. As schematically illustrated in Figure 7a, material with an initial microstructure consisting of pearlite and ferrite was heated to 900 °C to be austenitised, followed by rapid quenching to achieve a fully martensitic transformation. Then, the as-quenched material was re-heated to a tempering temperature in the range of 420–620 °C under two alternative heat treatments, (i) fast heating, defined by a total heating time of 50 s and (ii) slow heating, with a total heating time of 100 s. After this, the material was immediately deformed at the tempering temperature, followed by rapid cooling to room temperature. The LTHS conditions were simulated using tensile tests carried out on the as-quenched material using a Gleeble. The strain rate of 1 s−1 used in the tests is considered to be representative of the strain rate in industrial production. The peak stress of around 900 MPa obtained by deforming at 420 °C is significantly reduced to around 300 MPa at a deformation temperature of 620 °C, which is good for hot forming. However, in all these experiments significant strain softening was observed. This results in an early onset of necking during deformation, which affects the drawability. In order to investigate the effect of heating conditions on the final performance, the as-quenched boron steels were heated to different tempering temperatures under either the fast or slow heating conditions, then cooled quickly to room temperature (i.e., no hot deformation was carried out). Their room-temperature mechanical properties are shown in Figure 7b. These results show that the room-temperature strength and ductility are decreased with respect to the as-quenched case by heating to the tempering temperature. Both increasing temperature and increasing time (reducing heating rate) lead to further decrease in strength. Thus, the industrial application of this method is not considered to be feasible and the technique requires further improvement.



These alternative processing methods can give impressive improvements in productivity and formability, but are not able to fully satisfy the expectations of the automotive industry. For instance, with a reduced heating temperature, it is not possible to achieve high strength with thinner components; while with a reduced forming temperature only, thick oxidation and decarburisation layers cannot be avoided and the ductility is still not high enough to widen application in the automotive industry. Therefore, in recent years, attention has been focused on improving the steel grades to overcome these issues [80].





4. New Advanced Materials


4.1. Advanced High-Strength Steels for Automotive Applications


For a long time, steel has been the main material for automobile body structures. Recently, within the development trend of diversification and lightweighting of materials, the total proportion of steel applied in the body-in-white has decreased, but the proportion of advanced high-strength steels (AHSS, YS > 550 MPa) and ultra-high strength steels (AHSS with UTS > 780 MPa) has increased [81,82]. Based on the requirements for light-weighting and crash safety, steels applied in car body structures should have two characteristics: ultra-high strength and high toughness [83]. Figure 8 is a plot of elongation against strength for different families of steels including high strength steel (HSS), and first, second and third generations of AHSS [84]. The most commonly used steels at present for areas of the car body requiring high energy absorption (high toughness) in the event of collision are dual phase (DP) and TRIP steel grades with ultimate tensile strength <1000 MPa [85]. Second-generation advanced high strength steels have the potential to replace these, but their use is limited due to their high cost. The steels with ultimate tensile strength >1200 MPa are mainly applied for structural elements of the vehicle body to provide a high stiffness and anti-intrusion barrier for the protection of passengers; typical examples are martensitic (MART) and conventionally hot-stamped steels. AHSS sheets used for automotive applications are commonly cold formed, especially those with high toughness, but recently, it has been shown that these materials can be manufactured by warm stamping or even hot stamping to reduce the springback and improve the formability [61,62]. Hot stamping is commonly used for AHSS with good hardenability, such as boron steels, to obtain ultra-high strength with complex shapes. In Figure 8, the combination of mechanical properties obtained by conventional hot stamping of boron steels appears at the bottom right corner; the ultimate tensile strength of such stamped parts is higher than that of most other AHSS, but their ductility is insufficient. The performance of parts formed by the application of warm stamping coincides with the upper-middle level of first-generation AHSS, while the low-temperature hot-stamped parts have a similar performance to parts made using conventional hot stamping.



Third-generation AHSS have been developed not only to meet the stringent requirements of the automotive industry, i.e., excellent mechanical properties (both strength and ductility) at reduced thickness while maintaining high safety standards, but also to avoid the high cost of adding large amounts of alloying elements and the associated processing problems such as poor weldability of second-generation steels [86]. Q&P steels and MMn steels are the main candidates, both of which offer ultra-high strength and high toughness for a relatively low cost. The two types of material have in common that they both use the TRIP or TWIP (twinning-induced plasticity) effect in retained austenite (RA) to increase strength and ductility, the difference being in the method of obtaining the RA. The Q&P process is a novel heat-treatment method for martensitic steels, in which carbon is made to re-partition into the retained austenite remaining after incomplete quenching to martensite. This enhances the stability of the austenite at room temperature. RA fractions of more than 20% can be acquired in Q&P steels, leading to a tensile strength of over 1500 MPa and a value of the product UTS × TE of more than 30 GPa·% [87,88]. The microstructure in MMn steels is, in contrast, obtained via the austenite reverse transformation (ART) annealing treatment. The quenched and rolled microstructures are heated into the intercritical annealing region (A1–A3) and soaked to acquire ferrite and retained austenite with an ultra-fine grain size [89]. RA fractions of more than 30% can be obtained in MMn steel with ultimate tensile strengths in the range 600–1700 MPa and a product UTS × TE of more than 30 GPa·% [90].



As a result of this high toughness, both of these types of steels are mainly used for cold forming. Much research effort has been devoted in recent years to improving the final mechanical properties and understanding the deformation mechanisms associated with the enhanced strengthening behaviour in these steels [91,92,93]. One feature of MMn steels that has attracted particular attention is that the austenitic transformation temperatures (A1 and A3) are considerably lower, by around 100–200 °C, than those of conventional hot-stamping boron (Mn-B) steels because of the alloying additions, most importantly Mn. The methods discussed in Section 3.1 and Section 3.2, of lowering the heating temperature and the forming temperature in hot stamping, can easily be applied in MMn steels and the benefits of these two processing techniques and of the MMn steel microstructure can be achieved simultaneously. Therefore, MMn steels, a third-generation AHSS type, not only have great prospects for application in cold forming, but also the potential for application in LTHS.




4.2. Medium-Mn Steel


4.2.1. Chemical Composition


Steels of the medium-Mn class can be defined by the composition range of 3–12 wt. % Mn. The other main alloying elements are C, Al and Si; these steels also contain small amounts of other elements such as Mo and V to give further improvements to mechanical properties [14]. The effect of the different alloying elements is summarised below:



	
Carbon is present in all steels. It has a very low solid solubility in ferrite, but a much higher solubility in austenite. In hypoeutectoid steels (<0.77 wt. % C) on sufficiently slow cooling, it is mostly present in the form of lamellae of cementite (Fe3C) in pearlite. On more rapid cooling, carbon is trapped in solid solution in martensite; subsequent tempering causes the carbon to be precipitated out in the form of cementite which, if carbide-forming elements are present, subsequently dissolves in favour of more stable alloy carbides [94]. In MMn steels, carbon is one of the most effective alloying elements for decreasing the martensitic transformation temperatures (Ms and Mf) and thereby promoting the formation of retained austenite [95]. The Ms temperature can be calculated using the following newly developed empirical formula for MMn steels [96]:


   M s  = 517 − 423 C − 30.4 Mn + 37 Al + 82 Mo − 700 B  



(1)




where the Ms temperature is in degree Celsius and the element contents are in wt. %. Equation (1), unlike some earlier empirical formulae, does not consider the effect of grain size on Ms; however, this may play an important role in MMn steels, which have ultra-fine austenite grains (UFG). Garcia-Juceda et al. [97] and Yang et al. [98] found that Ms decreased as the austenite grain size was reduced and that this tendency became stronger when the value was below 5 µm. Lee et al. [99,100] modified the empirical formula of Andrews et al. [101] with grain size to predict Ms of UFG MMn steels, but this still requires further validation. An excessive carbon content will bring with it a series of problems, such as poor plasticity and welding performance.



	
Manganese is another important alloying element in medium-Mn steel, acting as a strong austenite stabiliser [102]. After ART annealing and suitably rapid cooling, austenite with a high Mn content remains present in the microstructure at room temperature due to the low Ms temperature. Figure 9 shows an example of a continuous cooling transformation diagram for a medium-Mn steel with 5 wt. % Mn, as obtained by dilatometry [103]. The kinetics of formation of bainite are relatively slow (requiring a cooling rate of <1 °C s−1) and the transformation to ferrite/pearlite is absent even under an extremely low cooling rate of 0.028 °C s−1, which means that transformation to other microstructures than martensite can easily be avoided by quenching. Very similar results showing such low critical cooling rates for the austenite-to-martensite transformation can be found in other investigations for MMn steels with around 5–8 wt. % Mn [104,105,106]. The amount of retained austenite in the MMn steel is dependent on the Mn content. For example, after ART annealing at 650 °C for 6 h, MMn steels with Mn concentrations of 4 wt. %, 6 wt. % and 8 wt. % showed austenite volume fractions of 25%, 41% and 47%, respectively [107]. In addition, Mn is the element in MMn steels with the most important effect in decreasing the austenitic transformation temperatures (A1 and A3), leading to potential application in LTHS. However, an excessive amount of Mn can lead to poor weldability.



	
Silicon is a ferrite-stabilising element and is used to inhibit the precipitation of cementite and promote the partitioning of carbon into austenite during ART annealing. It does this by increasing the activation energy for cementite nucleation [108]. The addition of silicon can also enhance both strength and ductility by increasing the strain hardening rate [109]. However, an excessive silicon content can reduce the surface quality and promote the formation of a thick oxide layer.



	
Aluminium is, similarly to silicon, a ferrite stabilising element that impedes the precipitation of carbides. Additionally, an appropriate amount of Al (<0.05 wt. %) refines the grains and enhances the mechanical properties after ART annealing [108,110]. However, Al also increases the austenitic transformation temperatures and its effect is stronger than that of Mn in decreasing them. Thus, care should be taken regarding the amount added in medium-Mn steel if it is intended that LTHS be applied.







4.2.2. Production Process for Medium-Mn Steels


Figure 10a shows a general production process for a MMn steel [111,112,113]. After smelting and casting, the material is heated up to an elevated temperature of around 1200 °C for 1–2 h to remove defects such as gas porosity, shrinkage, hot tears and hot spots, and to homogenise the microstructure. The material is then hot rolled several times until the desired thickness of 3–5 mm is achieved; during this process, the temperature is maintained above 900 °C. The hot-rolled material is water-cooled to room temperature, then annealed at an intercritical temperature (i.e., between A1 and A3) for several hours until the material is softened and has a microstructure of ferrite and retained austenite. The softened material can then be cold rolled into very thin sheets (1–2 mm), giving a microstructure consisting of ferrite and strain-induced martensite with a high dislocation density. The cold-rolled material is then ART annealed. During this treatment, the highly deformed martensite first decomposes to ferrite and cementite and then the ferrite undergoes recrystallisation because of the large amount of stored energy it contains [114]. Subsequently, since the ART annealing is also carried out at an intercritical temperature, austenite nucleates, mainly on boundaries in the parent martensite substructure (lath or block) and on interfaces between ferrite and cementite [115,116]. Over a period of several minutes to several hours, cementite is gradually dissolved, and the high concentration of Mn and C released then partitions into the newly formed austenite, while Al and Si partition out of the austenite into the ferrite. If the austenite formed during ART annealing has a high enough Mn and C content and very fine grains (<1 µm), a martensitic transformation can be avoided during subsequent quenching to room temperature (see Equation (1)).



If the required thickness for car components of around 1–2 mm can be achieved directly by hot rolling, then the cold rolling step and subsequent ART annealing shown in Figure 10a could become unnecessary. This is because the annealing treatment after hot rolling (labelled “Annealing” in Figure 10a) is also intercritical and will result in the formation of retained austenite. However, without cold rolling, there may not be sufficient stored energy in the microstructure to promote recrystallisation, and thus grain refinement, during annealing [114]. In addition, the high dislocation density after cold rolling enables extensive pipe diffusion, giving rapid partitioning of the elements, especially Mn. This results in an acceleration in the ART process, which requires only minutes in the cold-rolled material, as compared to hours in the hot-rolled material [117].



In the conventional Mn-B hot stamping process (Figure 10b) [118,119], the annealing step between hot rolling and cold rolling is omitted because the hot-rolled material is sufficiently soft to directly undergo cold rolling due to the relatively low alloying element content. After subsequent annealing, the cold-rolled sheet is able to be coiled and has a final microstructure consisting of pearlite and ferrite with a coarse grain size of around 10 µm [120].



As shown in Figure 11a, the total cost of a single conventionally hot-stamped part can be divided into three parts: the cost of raw materials (e.g., iron ore, other ores for alloying elements), the cost of production (e.g., steelmaking, casting, hot/cold rolling and annealing) and the cost of hot stamping (e.g., heating, stamping and post-form treating). The contributions of each of these factors to the total cost are not equal and can depend on many factors, such as the shape of the part, the time of production (variations in price of raw materials and energy) and the country of production (costs of labour, transport etc. [121]). However, for the purposes of illustration, they are treated as equal in Figure 11. Compared to conventional hot-stamping steels, MMn steels (Figure 11b) have higher raw material costs because of their higher concentration of alloying elements (Mn, Al, etc.) and higher production costs due to the additional annealing step necessary before cold rolling. However, the cost of the hot stamping process for MMn steel can be reduced with respect to conventional hot stamping of Mn-B steels. In particular, both the heating and forming temperature can be reduced by around 100–200 °C, which may not only avoid the necessity of coating to protect from oxidation and decarburisation and of shot blasting after hot stamping and the concomitant costs [103,122], but also reduce the possibility of damage to the die (lower wear rate at lower temperatures) and the repair costs [123,124]. Moreover, it is well known that Mn-B steels require a quenching rate of at least 27 °C s−1 to achieve a fully martensitic microstructure [125], but a very low quench rate is required for MMn steels [104,126]; hence, the requirements for the die and quenching system are not as stringent for MMn steel and the equipment cost is lower [37,70]. As a result, although the detailed production process for the hot-stamped MMn steels is still under investigation, these alloys have a great potential for total cost reduction, as shown in Figure 11b.



In addition, production costs for MMn steels could possibly be reduced by directly using cold-rolled, hot-rolled or warm-rolled sheet without ART annealing as the initial state for the hot stamping process. Li et al. [122] directly used cold-rolled MMn steels as the hot-stamping material and found that the final mechanical properties of the stamped parts were similar to those of the ART-annealed material. However, the details of the effect of retained austenite (obtained after ART annealing) on the final mechanical behaviour of the hot-stamped material are still unknown and further research into this is required. As well as the ART annealing process, several other novel methods have been developed for MMn steels, such as warm rolling [127], double annealing [128] and ART annealing + Q&P [129], as shown in Figure 12a–c, respectively. All of these have been developed to further improve the mechanical properties, especially toughness, after cold forming. Their feasibility for hot stamping is as yet unknown and needs further research.




4.2.3. Strengthening Mechanism in Medium-Mn Steel


After the production process, the microstructure of medium-Mn steel is composed of multiple constituents, i.e., ferrite and retained austenite, on different length scales. Dong et al. [130] have proposed a novel control theory for microstructures that are multi-phase, multi-scale and metastable (M3). Materials with complex microstructures having M3 features can often give good combinations of strength and toughness through enhancement of the strain hardening rate and inhibition of crack nucleation and propagation during deformation and fracture [131]. MMn steels are a typical example of this, especially those with large amounts of metastable austenite. The key factor for simultaneous improvement of strength and toughness of MMn steels is to increase the strengthening rate or prolong the duration of strengthening by the metastable austenite during deformation [132]. For MMn steels after ART annealing, the metastable austenite present in the microstructure is transformed via the TRIP and/or TWIP effects with increasing strain [133,134]. One of the main factors governing the strengthening mechanism is the stacking fault energy (SFE) of the retained austenite, which depends strongly on the Mn content. For deformation at room temperature, the TRIP effect occurs preferentially in RA with <9 wt. % Mn, corresponding to an SFE lower than 18 mJ·m−2, whereas the TWIP effect occurs preferentially when the SFE is between 15 and 35 mJ·m−2, which is associated with a Mn content >15 wt. % [135,136]. The deformation temperature and austenite grain size may also influence the deformation mechanism; the TWIP effect is preferred for higher deformation temperatures and smaller grain sizes [137,138]. The strengthening rate can thus be kept high throughout the deformation of MMn steels, delaying the onset of necking and increasing the ultimate tensile strength and toughness of the material [139,140].



The martensite plates formed from retained austenite via the TRIP effect act as strong barriers against dislocation glide, thereby enhancing the strength [141]. The mechanical twinning induced in the retained austenite via the TWIP effect is not only a barrier to dislocation glide, but also provides sites for further nucleation of martensite [142]. Energy is absorbed by both types of transformations at the tip of any cracks formed, providing an obstacle to crack propagation and thus, improving the ductility. Although these strengthening mechanisms may have a significant influence on the mechanical properties, details of the effects and their interactions have not yet been investigated in depth, and much research is still required into the mechanical behaviour of MMn steels in cold forming. The evolution of retained austenite during hot stamping and its effect on the deformation mechanism under conditions of high- or room-temperature deformation are also not well understood.






5. Application of Low-Temperature Hot Stamping Process in Medium-Mn Steel


As a result of the advanced features of medium-Mn steels, the research direction has gradually shifted in recent years from cold forming to low-temperature hot stamping. A general schematic diagram of the process is shown in Figure 13. The soaking (austenitisation) temperature depends on the A3 temperature, which is in turn related to the chemical composition of the material. It has usually been set at 30–80 °C above A3 in most of the research conducted so far, e.g., [103,122,126,143]. The average austenitisation temperature is thus around 100–200 °C lower than that in the traditional hot stamping process for boron steel. After soaking, the heated material is rapidly transferred to the die and stamped and quenched as in the conventional procedure. Some retained austenite may be present at room temperature, but most of the microstructure is martensitic [144,145,146]. However, microstructural evolution during the LTHS process has not yet been studied in depth, nor has its effect on forming behaviour and final mechanical behaviour been investigated.



A number of examples of process conditions and final mechanical properties of low-temperature hot stamped MMn steels with different element contents are presented in Table 2. Chang et al. [126] investigated the application of LTHS to ART-annealed MMn steels. They determined the optimal process windows by which the best formability and final mechanical properties could be obtained. These were 780–840 °C for 4–7 min for austenitisation, and 450–500 °C for stamping; the optimal cooling rate was 10–60 °C s−1. These conditions can be achieved with a traditional hot stamping production line. After stamping, the ultimate tensile strength was around 1400 MPa with a total elongation of 11.8%. Wang et al. [143] suggested that an austenitising temperature of 800 °C was sufficient for the complete austenitisation of 5Mn steel and reduced oxidation and decarburisation. This low-temperature hot stamped material had fine microstructure and attained an ultimate tensile strength of 1500 MPa with an elongation of 10%. Based on this, Li et al. [103] further investigated 5Mn steel after LTHS. They found that unlike in hot-stamped 22MnB5 steel, the Ms temperature was not sensitive to the forming temperature and pressure, resulting in even distributions of microstructure and mechanical properties. Pan et al. [145] investigated the tensile behaviour of low-temperature hot stamped 5.6Mn steel after warm rolling without ART annealing. An excellent UTS × TE product of around 27.5 GPa·% was obtained in this material. The reason for such good mechanical properties is not yet well understood, but it may be related to a higher degree of M3 features in the microstructure, which was observed to be of an ultrafine and multiphase character. Lu et al. [146] examined the effect of post-processing on the microstructure and mechanical properties of low-temperature hot stamped 7.0Mn steel. A process of baking at 170 °C for 20 min was introduced after the whole stamping process to re-partition the carbon into the retained austenite. This was found to improve the ductility significantly by enabling continuous occurrence of the TRIP or TWIP effects during deformation. As a result of this baking, the total elongation was increased from around 3% to 11.7%. Hou et al. [144] and Li et al. [122] have also examined the effect of post-processing on the mechanical behaviour of cold-rolled MMn steel after LTHS. After subsequent baking at 170 °C for 20 min, very high tensile strengths of 1805 MPa and 1700 MPa and total elongations of 16% and 11.8% were obtained in 7.5Mn and 6.5Mn steels, respectively. The cost of the additional baking process need not be included in cost calculations because baking can be combined with paint tempering in real production lines. There is the possibility of not only an improvement in mechanical properties, but also a reduction in cost if the ART annealing process can be omitted. However, more research is required to understand the evolution of microstructure and its effect on final performance after hot stamping before this experimental ART-free process can be used in real applications.



Oxidation and decarburisation are unavoidable when uncoated steels are exposed to air at elevated temperature during the hot stamping process. The oxide layer formed by reaction between the outer surface of the sheet and atmospheric oxygen must be removed after hot stamping and has a deleterious effect on the dimensional accuracy of the product [147]. The inner decarburisation layer is caused by the loss of carbon and not only reduces the strength, but also increases the shear rate, which promotes crack growth and reduces the fatigue resistance of the hot-stamped material [148,149]. In addition, both the oxidation and the decarburisation layer affect the heat transfer during die quenching, deceasing productivity. It can be seen in Figure 14 that decarburisation layers of over 100 µm in depth are formed in the surface microstructure of a hot stamped 22MnB5 steel austenitised for 5 min at 920 °C (Figure 14a [103]) and around 40–50 µm heated at 950 °C for 5 min even under a protective nitrogen atmosphere (Figure 14c [143]). In contrast, only an extremely thin decarburisation layer was observed in an MMn steel after austenitisation at 800 °C for 5 min both without (Figure 14b [103]) and with (Figure 14d [143]) a protective nitrogen atmosphere. If the formation of this layer can be avoided, this will provide a considerable saving in both tooling and coating costs.



It has been shown experimentally in a real stamped automotive part that uniform tensile properties can be obtained through LTHS [126]. Measurements of tensile strength, yield strength and total elongation from various positions in the part are given in Figure 15. These results showed that the variation in each tensile property over all measurement locations did not exceed 5%, demonstrating an even distribution of mechanical properties across the part [126]. Zheng et al. [150] studied the effect of various hot forming parameters on the formability of MMn steel (5 wt. % Mn) and 22MnB5 steel based on square-cup deep drawing, both numerically and experimentally. Their results demonstrated that the strain rate (0.01–1.0 s−1) had a strong influence in the 22MnB5, but only a weak influence in the MMn steel. The mechanical behaviour during hot forming in the MMn steel was also less sensitive to deformation temperature than in the 22MnB5 steel. The MMn steel had, overall, a better formability in deep drawing during the hot stamping process with a more uniform thickness and distribution of martensitic microstructure. The reason for this improved uniformity of distribution has not yet been clarified, but it was shown that MMn steels give favourable results when they are used to produce complex-shaped automobile structure components by LTHS.



Overall, MMn steels have many merits over alternative materials when applying hot stamping processes, including reduced cost, improved productivity, a good combination of strength and ductility and good formability and hardenability. However, research in this field is currently still insufficient for commercialisation and industrialisation. Further research effort is required in order to develop low-temperature hot stamped products and provide a total technical solution for part manufacturing and use. In addition, an understanding of the evolution of microstructure and, in particular, retained austenite during the process, and the role of this in the strengthening mechanism and final performance, are also important.




6. Conclusions and Prospects


A detailed review of recent developments in the field of hot stamping technology has been presented in this paper. In recent years, in order to improve the stamping process from the point of view of cost, productivity and final performance of stamped parts, research has focused on improvements to the hot-stamping process and, in particular, on reducing the temperature at which part or all of the process is carried out. Great progress has been made, building a foundation for further application of hot- or warm-stamped components in the automotive industry. Some conclusions and prospects can be summarised as follows:




	(1)

	
Many advanced techniques have been developed to support improvements in the hot stamping process including cost savings, reduction in cycle time and enhancement in tensile properties of hot-stamped components. Reducing the temperature of the process has been shown to be one of the most advantageous approaches, with excellent prospects.




	(2)

	
Low-temperature approaches for conventional steels involve reducing the heating and forming temperatures (warm forming) or just the forming temperature (low-temperature hot stamping). The feasibility of using a lower heating temperature has been investigated with conventional hot stamping materials. Although the cost and productivity and the toughness of the components are thereby improved, the strengths attained are lower than those achieved by conventional hot stamping. For applications where high toughness is more important than high strength, components formed using this approach may be an acceptable replacement for conventionally hot-stamped parts. Lowering forming temperatures only is another approach to keep the ultra-high strength while shortening the cooling cycle time, increasing the lifetime of dies and improving the formability. However, since the austenitising temperature is still high, similarly to conventional hot stamping, the high cost of preventing oxidation and decarburisation, as well as insufficient ductility, are still a problem.




	(3)

	
In recent years, third-generation advanced high strength steels have been developed rapidly; these have both ultra-high strength and high toughness, enabling them to meet most of the requirements of automobile applications with lower alloying costs than second-generation steels. Medium-Mn (MMn) steels are a typical example of third-generation steels, and great progress has been made in applying them in cold forming processes. Their low austenitisation temperatures have resulted in much research attention to this class of material as a replacement for conventional Mn-B steel in hot stamping processes.




	(4)

	
The feasibility of low-temperature hot stamping techniques with MMn steels has been investigated and positive results have been reported. Besides the low cost and high productivity, the mechanical properties can be better than those of conventional boron steels. In addition, the formability and hardenability are also excellent, which is advantageous for producing components with complex shapes.




	(5)

	
Further research is necessary in the field of low-temperature hot stamping of MMn steel to facilitate industrial application and replace the traditional boron steels. Experiments have shown that it may be possible to further reduce the manufacturing cycle time, and thus the production cost, in MMn steel by eliminating the ART annealing step. However, the microstructural mechanisms governing the effect of retained austenite obtained in the ART annealing process on the forming behaviour during hot stamping and on the final tensile properties after hot stamping are still not well understood. It is important to gain a comprehensive understanding of the relationship between processing conditions, microstructure and mechanical behaviour in these steels in order to control process speeds and the quality of components.
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Figure 1. Illustration of conventional hot stamping process for Mn-B steel: (a) Basic hot stamping process chain [6] (Reproduced with permission of Pentera, 2020). (b) Thermomechanical cycle and microstructural evolution during hot stamping. 
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Figure 2. Advanced heating systems for hot stamping: (a) Resistance heating; (b) Induction heating; (c) Direct contact heating. 
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Figure 3. Advanced forming and quenching methods in hot stamping: (a) Increase contact pressure; (b) Improve quenching quality; (c) Improve die and cooling system. 
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Figure 4. Advanced forming and quenching methods in hot stamping: two novel hot stamping processes for improving the final performance of hot-stamped parts: (a) Tailored microstructure (Adapted with permission from Elsevier [11]); (b) Quenching and partitioning process (reproduced with permission from Elsevier [42]) (Ci, Cγ, Cm represent the carbon contents of the initial alloy, austenite and martensite, respectively). 
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Figure 5. Schematic illustration of hot stamping process with lower heating temperature for Mn-B steel and evolution of microstructure at each stage. 
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Figure 6. Schematic illustration of hot stamping process for Mn-B steel with lower forming temperature, showing microstructural evolution at each stage. 
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Figure 7. A novel process of low-temperature hot stamping of as-quenched 22MnB5 steel: (a) Schematic representation of the process; (b) room-temperature properties after indicated heat-treatment conditions [79]. 
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Figure 8. Comparison between mechanical properties of various types of industrially manufactured steel grades and of parts produced by various hot stamping processes. IF: interstitial-free steels; MILD: mild steels; IF-HS: interstitial-free high-strength steels; BH: bake hardening steels; CMn: carbon-manganese steels; HSLA: high-strength low-alloy steels; TRIP: transformation induced plasticity steels; DP-CP: dual phase and complex phase steels; MART: martensitic steels; Q&P: quenching and partitioning steels; MMn: medium-Mn steels; AUST. SS: austenitic stainless steel; L-IP: lightweight steels with induced plasticity; TWIP: twinning-induced plasticity steels. 
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Figure 9. Continuous cooling transformation (CCT) diagram for 5Mn steel (Reproduced with permission from Elsevier [103]). 
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Figure 10. Schematic illustration of production processes, with evolution of microstructure, for (a) MMn steel and (b) Mn-B steel. 
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Figure 11. Schematic of estimated cost breakdown for (a) conventional Mn-B steel; (b) MMn steel. 
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Figure 12. Other novel production processes for MMn steels: (a) Warm rolling; (b) Double annealing; (c) Q&P. 






Figure 12. Other novel production processes for MMn steels: (a) Warm rolling; (b) Double annealing; (c) Q&P.



[image: Metals 10 01652 g012]







[image: Metals 10 01652 g013 550] 





Figure 13. Schematic representation of low-temperature hot stamping of Medium-Mn steel and its microstructural evolution. The conventional hot stamping process is shown with dashed lines for comparison. 
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Figure 14. Optical microscopy images of cross-sectional microstructure of the surface region, showing the oxidation and decarburisation layers for: (a,c) 22MnB5 steel; (b,d) MMn steel; the samples in (c,d) are heated under a protective nitrogen atmosphere (Adapted with permission from Elsevier, John Wiley and Sons [103,143]). 
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Figure 15. Low-temperature hot stamping of MMn steel component: (a) Low-temperature hot stamped B-pillar [126]; The numbers show the positions on the hot stamped B-pillar selected for testing of mechanical properties. (b) Mechanical properties (tensile strength, yield strength and elongation) at corresponding locations [126]. Adapted from [126], with permission from Elsevier, 2020. 
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Table 1. Mechanical properties of MSW 1200 steel after different processes [15].
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	Type of Steel
	YS (MPa)
	UTS (MPa)
	TE (%)
	UTS × TE (GPa·%)





	Cold forming + quench hardening
	1110
	1430
	4
	5.72



	Warm stamping
	400
	930
	20
	18.6



	Hot stamping
	916
	1300
	5.5
	7.15







YS: yield strength; UTS: ultimate tensile strength; TE: total elongation; UTS × TE: the product of UTS and TE.
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Table 2. Reported tensile properties of some low-temperature hot stamped MMn steels.
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	Ref.
	Initial State
	Austenitisation Condition
	YS (MPa)
	UTS (MPa)
	TE (%)
	UTS × TE (GPa·%)





	[126]
	ART-annealed
	810 °C, 5 min
	1220
	1418
	11.8
	16.7



	[103,143]
	ART-annealed
	800 °C, 5 min
	1050
	1520
	10–11.3
	15.2–17.2



	[145]
	Warm-rolled
	800 °C, 8 min
	852
	1717
	16
	27.5



	[146] *
	ART-annealed
	760 °C, 5 min
	1080
	1565
	11.7
	18.3



	[144] *
	Cold-rolled
	780 °C, 5 min
	1400
	1805
	16
	28.9



	[122] *
	Cold-rolled
	750 °C, 5 min
	1420
	1700
	11.8
	20.1







* Post-form baking was performed. ART: austenite reverse transformation.
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