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Abstract
Hot stamping steels have become a crucial strategy for achieving lightweighting and enhancing crash safety in the automo-
tive industry over the past two decades. However, the carbon emissions of the materials and their related stamping processes 
have been frequently overlooked. It is essential to consider these emissions during the design stage. Emerging materials and 
technologies in hot stamping pose challenges to the automotive industry's future development in carbon emission reduc-
tion. This review discusses the promising materials for future application and their special features, as well as the emerging 
manufacturing and part design processes that have extended the limit of application for new materials. Advanced heating 
processes and corresponding equipment have been proven to improve heating efficiency and control temperature uniformity. 
The material utilization and the overall performance of the components are improved by tailored blanks and an integrated part 
design approach. To achieve low-carbon-emission (LCE) hot stamping, it is necessary to systematically consider the steel 
grade, heating process, and part design, rather than solely focusing on reducing carbon emissions during the manufacturing 
process stage. This review aims to present the latest progress in steel grade, heating process, and part design of hot stamping 
in the automotive industry, providing solutions for LCE from a holistic perspective.
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Abbreviations
AHSS  Advanced high strength steels
CF  Coating free
FLB  Front longitudinal beam
HSS  Hot stamping steel
LCE  Low-carbon-emission
LME  Liquid–metal embrittlement
Ms  Martensitic start
OR  Oxidation resistance
Q&P  Quenching and partitioning
RA  Retained austenite
SPHS  Short process hot stamping
TEL  Total elongation
TRB  Tailor rolled blanks
TRL  Technical readiness level

TS  Tensile strength
TWB  Tailor welded blanks

1 Introduction

The application of hot stamping steels (HSS) has been an 
important strategy to realize automotive lightweighting 
and enhance crash safety over the past two decades [1–6]. 
The hot forming process (Fig. 1) resolves the contradiction 
between strength and formability by forming first and hard-
ening later, attributed to the obviously improved thermal 
processing performance of the material at high temperatures. 
In hot stamping, the HSS sheet is usually heated to about 
930 °C in a furnace first, then soaked for a few minutes to 
reach full austenite state, and stamped and quenched simul-
taneously in dies to obtain a full martensite microstructure 
[1, 3]. The subsequent paint-baking process tends to increase 
the toughness of the martensite while gently decreasing its 
strength. The current hot stamping steel for industrial appli-
cations is mainly 22MnB5 steel, with a tensile strength of 
about 1500 MPa and elongation of about 5–7% after hot 
stamping to full martensite [7]. Recently, new materials 
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and technologies have emerged in the field of hot forming. 
However, these advancements have posed new challenges 
to the future development of hot forming for the automotive 
industry, particularly in light of the tremendous demand for 
reducing carbon emissions [8].

Carbon emissions of HSS involve a series of processes, 
such as ore mining, smelting, rolling, hot forming, assem-
bling, and recycling. The primary purpose of lightweighting 
is to reduce carbon emissions during the assembly or the use 
stage of components. Nonetheless, the carbon emissions of 
the materials of HSS and their related forming processes 
which should be taken into consideration in the design stage 
are usually overlooked. The developments of new HSS 
are mainly in the steel substrate and the surface condition 
[9–20]. The evolution of substrate microstructure is mainly 
in developing martensite substrate with higher strength and 
toughness, controlling nano-precipitates, such as NbC and 
VC, or introducing austenite through the quenching and par-
titioning (Q&P) process [9, 11, 13]. In terms of surface con-
dition, pre-coating is usually applied to the HSS surface to 
avoid oxidative decarburization at high temperatures, where 
Al-Si coating has been the most commonly used among vari-
ous coatings [14]. Research on surface condition focuses on 
developing Al-Si coating with higher toughness and econ-
omy, or even not applying coating through surface control in 
hot stamping process combined with material design [16–17, 
20–22]. Generally, materials are the basis for process and 
part design. This review separately discusses the promising 
materials for future application and their special features.

The emergence of new manufacturing and part design 
processes has expanded the range of applications for new 
materials. A key focus of this review is how to apply these 
materials to achieve carbon reduction. In addition, advance-
ments in heating processes and corresponding equipment 
have improved heating efficiency and temperature uniform-
ity control [1, 23–26], such as the innovative fast heat-
ing and partial heating process. For example, multi-stage 
hearth furnaces can regulate the heating temperature of HSS 
sheets by smoothly controlling the stage temperature, while 

conduction heating could heat HSS sheets up to 800 °C in 
2 s [27]. Meanwhile, induction heating and infrared heating 
have received much attention in partial heating applications 
[2, 28]. Tailored blanks and an integrated design approach 
have improved the material utilization and overall perfor-
mance of components [29–32]. It is worth mentioning that 
integrated design, such as single and double door rings, has 
become a popular issue in light weighting.

The development of green, low-carbon, and high-effi-
ciency manufacturing of materials is expected to be at the 
forefront of advanced manufacturing in the future. To reduce 
carbon emissions, which are mainly related to materials and 
the heating process, various strategies can be implemented 
during the manufacturing process. These strategies include 
improving heating efficiency, reducing soaking time, and 
lowering heating temperatures. Meanwhile, the design 
process is directly related to the ability to reduce carbon 
emissions through component integration. The component 
design process aims to reduce carbon emissions by minimiz-
ing material usage. This involves utilizing low-carbon emis-
sion materials and employing advanced green manufacturing 
processes. Recognizing the interdependence of materials, 
heating processes, and design, a collaborative approach is 
essential for achieving significant carbon emission reduc-
tions. The steel material, the heating process, and the part 
design should be systematically considered when designing 
low-carbon-emission (LCE) hot stamping parts, instead of 
concentrating only on reducing emissions during the manu-
facturing process. In this review, the latest advancements 
in steel grades, heating processes, and part design for hot 
stamping in the automotive industry are presented. Firstly, 
the paper introduces the development of materials and gave 
suggestions for future materials. Then, several heating meth-
ods necessary to prepare parts are presented and their advan-
tages and disadvantages are discussed. Finally, the paper 
explores how to integrate materials and processes on the 
design side in order to achieve low carbon emission goals.

2  Steel Grades

This section is a comprehensive overview of the recent 
developments in new materials for hot stamping, especially 
the research progress within the past five years, including the 
related LCE strategies. To assess the technological maturity 
of these advancements, the concept of technical readiness 
level (TRL) is introduced, which measures the progress of 
technology from its basic principles to commercialization 
[33]. TRL is roughly divided into 9 levels, where TRL 1–3 
are defined as lab scale, TRL 4–6 as pilot scale, and TRL 
7–9 as fully industrialized scale. The discussion begins by 
highlighting materials that are currently in industrial use 
or are near industrial application, such as traditional HSS 

Fig. 1  Conventional hot stamping process and the related microstruc-
ture evolution during hot stamping
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with strength levels exceeding 1800 MPa, and even reach-
ing 2000 MPa. Then, surface protection technologies are 
discussed, together with a newly reported coating-free (CF) 
HSS with superior oxidation resistance. Finally, a series of 
medium Mn HSS materials with uncompromised strength 
and toughness are presented (Fig. 2).

This section presents an overview of three novel material 
types, discussing their alloy composition, strength, tough-
ness, oxidation resistance strategies, process characteristics, 
TRL, and LCE. The first material is a thinner Al-Si coat-
ing HSS with a strength exceeding 1500 MPa and improved 
toughness, which enables increased heating efficiency 
and reduced carbon emissions by reducing soaking time. 
Although commercially available, its application in short-
process hot stamping (SPHS) is limited due to the formation 
of Al–Fe intermetallic compounds. The second material is 
a CF HSS that exhibits superior oxidation resistance and 
improved mechanical properties compared with traditional 
HSS. This material contains higher levels of Cr and Si, 
resulting in the formation of a thin oxide film that prevents 
additional oxidation, leading to its antioxidant property. The 
appropriate addition of Si and Cr enables dynamic carbon 
partitioning from martensite to austenite during cooling, sta-
bilizing the retained austenite (RA) and enhancing both oxi-
dation resistance and mechanical properties. Furthermore, 
the SPHS technology was also proposed to further reduce 
soaking duration for HSS. The third material, medium Mn 
HSS, has gained increasing attention for its low austenitiza-
tion temperatures and superior properties, making them a 
promising replacement for traditional HSS. Their low cost, 
high productivity, and better mechanical properties have 
made them advantageous for producing components with 
LCE.

2.1  Traditional HSS with Higher Strength

In the past decade, 22MnB5 steel has always been the most 
prevalent type of HSS. However, with the growing demand 

for lightweighting in the automotive industry, there has been 
significant development of ultra-high strength HSS in recent 
years. Initially, the industry commonly relied on increasing 
the carbon content to enhance the strength of HSS. However, 
solely increasing the C content of the steel to improve the 
strength of hot stamping steel will inevitably lead to a sig-
nificant decrease in its toughness and plasticity.

Various approaches have been proposed to address the 
trade-off between high strength and high toughness in HSS. 
One effective approach is to introduce nanoprecipitates by 
adding microalloying elements to the base alloy of 22MnB5 
steel. It is reported that the combined addition of niobium 
(Nb) and vanadium (V) can improve the bending toughness 
of HSS [11]. The carbides formed by Nb and V can refine 
austenite grain boundaries and martensitic lath, thereby 
improving the bendability of HSS. Another strategy is to 
utilize the coupling of VC precipitation and hot stamping 
process to reduce the content of C in martensite substrate, 
and suppress the generation of twin martensite, thus improv-
ing the toughness of HSS [9]. Figure 3 shows the austenite 
grain size and carbide precipitation of the HSS with and 
without the addition of V.

When it comes to traditional HSS at TRL 9, the hot 
stamping process is mature. Currently, it has been proven 
that improving heating efficiency and reducing holding times 
during the heating and austenitization stages are the main 
ways to reduce carbon emissions. The realization of the 
above pathways relies on the upgrading and precise control 
of the heating process. In short, traditional HSS do not have 
much space to reduce carbon emissions in the hot forming 
stage. In particular, insufficient heating time can significantly 

Fig. 2  Recent developments in new materials and their corresponding 
features, including tensile strength (TS), total elongation (TEL), and 
oxidation resistance (OR)

Fig. 3  Prior austenite grain boundaries of 22MnB5 a and 34MnB5V 
b austenitized for 4 min at 900 °C, and TEM images of quenched lath 
martensite c and VC precipitation particles d in 34MnB5V [9]
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affect the mechanical properties of traditional HSS [2, 34]. 
In the following two sections, the possible means of carbon 
reduction are discussed in terms of surface protection tech-
nology and the promising new substrate materials for HSS.

2.2  HSS With or Without Coating

Bare HSS sheets are inevitably exposed to air during the 
transfer from furnace to stamping tool, which results in sur-
face oxidation and decarburization. To meet the subsequent 
service requirements, the bare sheets tend to be shot peened 
or sandblasted to remove the oxidation layer. However, this 
approach results in lower dimensional accuracy and higher 
costs for the parts. In order to address this issue, surface pro-
tection technologies have been developed for HSS [34–39]. 
The first commercialized technology was Al-Si coating pro-
posed by Arcelor Mittal [14]. Figure 4(a) and (b) show the 
microstructure and alloy components of Al-Si coating. After 
being austenitized at 920 °C for 5min, the Fe in the matrix 
diffuses with the pre-coated alloy layer to form an interme-
tallic compound of Fe and Al, which has a melting point 
much higher than the austenitization temperature (920 °C). 
Consequently, no more liquid phase appears on the surface. 
Meanwhile, as shown in Fig. 4(c), the intermetallic com-
pound layer tends to facilitate the formation of micro cracks 
after hot stamping [39]. Another commercialized coating 
is Zn or Zn-alloy coating [21, 40]. Nonetheless, Zn-coated 
commercial HSS are often exposed to liquid–metal embrit-
tlement (LME) induced by Zn during the hot stamping pro-
cess. Therefore, the usage of Zn-coated HSS is less than 5 
percent of Al-Si coating.

The conventional Al-Si coating has a thickness of around 
25 μm, which increases to about 40 μm after hot stamping. 

It is reported that HSS with Al-Si coating exhibits lower 
bending toughness than bare HSS, which could be attributed 
to surface decarbonization of bare HSS. However, North-
eastern University in China has developed a new technology 
for achieving high toughness in HSS with Al-Si coating by 
reducing the thickness of the coating [16]. The thickness 
of high-toughness Al-Si coating is typically about 25 μm, 
only 40% of the conventional Al-Si coating. Meanwhile, the 
bending toughness of hot stamped HSS sheets with high-
toughness Al-Si coating is found to be 20% higher than 
that of conventional Al-Si coating. Yi et al. [9] deemed that 
reducing the thickness of Al-Si coating can lower carbon 
enrichment at the interface between coating and substrate, 
thus improving the toughness of HSS sheets. In addition, 
Wang et al. [20] reported the mechanics behind the improved 
bending toughness of Al-Si coating on HSS. In their study, 
Al-Si coatings with thicknesses of 35 μm and 13 μm were 
employed (Fig. 5). Figure 5(a) and (b) are secondary elec-
tron (SE) images. Figure 5(c) and (d) are electron back-scat-
ter diffraction (EBSD) inverse pole figure (IPF) maps and 
simultaneous electron dispersive spectroscopy (EDS) maps 
of Al element. The black phase at the bottom of EBSD maps 
indicates the  Fe2Al5. Figure 5(e) and (f) are EDS line scans. 
The squares in Fig. 5(a) and (b) show the regions for EBSD 
maps, and the arrows show the positions and directions for 
EDS line scans. The squares in Fig. 5(c) and (d) show the 
regions for EDS maps of Al element. It was found that thin-
ner Al-Si coatings exhibit higher bending toughness due to 
the reduced stress intensity factor at the crack tip.

Fig. 4  Cross sectional SEM micrographs of the Al–Si coated boron 
steel. a As-coated, b detail of intermetallics layer and c austenitized 
at 920 °C for 5min [39]

Fig. 5  Microstructure of two Al-Si coated PHS. a, c, e AlSi35; b, d, f 
AlSi13. M Martensite, F Ferrite, IM Intermetallics [20]
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Thinner Al-Si coatings offer the advantage of lower mate-
rial costs while maintaining comparable similar paintability 
and corrosion resistance. Approximately 3 million tons of 
the Al-Si coated HSS are used each year. The future use of 
thin Al-Si coating has the potential to save a large amount 
of Al alloy and significantly reduce carbon emissions. In 
addition, Al absorbs a substantial amount of heat during the 
alloying process when heating to the austenitization stage. 
As the thickness of the Al-Si coating decreases, the HSS 
sheet is able to heat up more quickly, thus increasing the 
heating efficiency. The application of thin Al-Si coating 
could reduce the soaking time by 10%–20%, which in turn 
reduces carbon emissions. It should be noted that due to 
the low melting point of Al, which is around 650°C, Al-Si 
coating cannot be heated rapidly (> 12 °C/s) until Al–Fe 
intermetallic compounds have been formed. Obviously, due 
to the characteristics of Al-Si coating and traditional HSS 
substrates (TRL 9), the hot stamping process may fail to 
meet the requirement for faster heating rate and shorter soak-
ing time. To achieve further carbon reduction, adjusting the 
alloy composition and further reducing the coating dosage 
could be possible directions in the future.

For surface protection considerations, GM China Sci-
ence Lab developed a new bare HSS named coating- free 
(CF) HSS [41]. This CF HSS exhibited superior oxidation 
resistance and better mechanical properties compared with 
22MnB5 HSS. It has been globally produced in industrial 
sheets and successfully piloted on industrial production lines 
to produce hot stamping components with bright surfaces, 
eliminating the need for shot blasting (TRL 6). It is believed 
that the mass market application of CF HSS will provide 
strong support for LCE in the automotive industry. The CF 
HSS contains higher levels of Cr and Si compared with tra-
ditional HSS, enhancing its mechanical performance and 
oxidation resistance. Upon exposure, a thin oxide film with 
a thickness of 200–500 nm quickly forms on the surface 
of CF HSS, preventing further oxidation and imparting an 
antioxidant property to the material. The specific mecha-
nism underlying this antioxidant behavior of CF HSS needs 
to be further investigated. The novel CF HSS has demon-
strated immense strength and remarkable ductility compared 
with the baseline HSS grade 22MnB5. This can mainly be 
attributed to the formation of nano-sized retained austen-
ite (RA) through dynamic carbon partitioning during the 
hot stamping process after the martensitic transformation 
(Fig. 6). The addition of an appropriate amount of Si and 
Cr to the new CF HSS enables dynamic carbon partitioning 
from martensite to austenite during cooling, stabilizing the 
RA phase while maintaining the industrial hot stamping pro-
cess. Specifically, carbides rich in Cr contribute to chemical 
diversity, enhancing the resilience of adjacent austenite by 
decelerating the decomposition process, even at high tem-
peratures used in hot stamping. Furthermore, Cr reduces the 

martensitic start (Ms) transformation temperature, further 
reinforcing the stability of austenite [17]. In summary, the 
introduction of Cr carbides and RA enhances both oxidation 
resistance and mechanical properties of CF HSS.

Rapid heating during the annealing stage is a useful 
method to enhance the mechanical properties of advanced 
high strength steels (AHSS) for cold stamping applica-
tions. Nonetheless, there is limited research on the impact 
of rapid heating on HSS, particularly for newly developed 
steel grades. Hou et al. [42] investigated the possibility and 
advantages of rapidly heating a CF HSS at a rate of over 
100 °C/s (TRL 4). Experiments showed that a 2 mm thick 
CF HSS blank could be fully austenitized at 930 °C within 
120 s with a heating rate of 100 °C/s. After rapid heating, 
soaking, water quenching, and baking, the tensile strength 
of the press-hardened steel (PHS) considerably increased 
compared with the baseline 22MnB5 under the same treat-
ment, with an ultimate tensile strength of 1,722 MPa and 
a uniform elongation of 5.1%. In addition, the thickness 
of the oxide layer on the CF HSS, after rapid heating and 
120 s of soaking in ambient atmosphere, was less than 5 μm. 
This thickness was considerably thinner than that observed 
on the 22MnB5 (36 μm). In addition, it was believed that 
the rapid heating procedure used for the CF HSS could be 
highly advantageous for the automotive industry. The above 
research has shown that the total heating time of CF HSS can 
be reduced by around 50% applied with a rapid heat strategy. 
This method has the potential to provide a cost-effective 
manufacturing alternative for press-hardened body structure 
components, thus further realizing LCE (Fig. 7).

Based on previous research, short-process hot stamping 
(SPHS) technology has been proposed to further reduce the 

Fig. 6  Microstructure of the novel HSS. a Bright field image and 
EDX pattern of Cr carbides, b bright field image of rod-like carbides, 
c APT results of the novel HSS and d compositional profiles of ele-
ments across the martensite/austenite interface [17]
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soaking duration [43]. The efficiency of complete austeni-
tization of HSS can be increased by changing the annealing 
process of the cold rolled sheet to convert the initial micro-
structure to martensite (Fig. 8). This strategy significantly 
reduces the total heating time required for hot stamping. 
The mechanical properties and microstructure evolution of 
CF HSS and a traditional 22MnB5 were studied under this 
process. Results showed that CF HSS, with martensite and 
carbide as the initial microstructure, can be completely aus-
tenitized by heating it to 930 °C at 100 °C/s, followed by 
a 30 s holding time. The final material has a high tensile 
strength of 1,578 MPa and an elongation of 7.8%, with a 
mixture of martensite and 3% to 5% RA. The total heating 
time required for hot forming can be reduced to less than 1 
min, which is more than 80% less than the conventional HSS 
(TRL 4). This SPHS process effectively reduces the total 
heating time while maintaining the toughness of the parts, 
contributing to energy conservation and carbon reduction 

goals. The applicability of the SPHS process to other ultra-
high- strength steels and its feasibility for industrialization 
will be discussed in further works.

2.3  Medium Mn HSS

Austenitization at lower temperatures is an optional strategy 
employed for reducing energy consumption in hot stamping 
process. However, austenitization temperature is directly 
related to the alloy composition of the HSS. In the case of 
traditional HSS, the  Ac3 temperature is around 860 °C. And 
a temperature above 920 °C is usually applied to ensure 
complete austenitization. Thus, it can be seen that there is 
currently limited potential for reducing the heating tempera-
ture in traditional HSS. New HSS with improved mechanical 
properties and lower  Ac3 temperature have garnered sig-
nificant attention. One promising new grade is medium Mn 
HSS, owning 5%–10% content of Mn. Mn acts as a strong 
austenite stabilizer, effectively lowering the  Ac3 and Ms 
temperatures. Besides, the concept of split-Q&P was pro-
posed to eliminate the immediate need for partitioning after 
quenching. For instance, in a 7 wt% Mn HSS, the Mf was 
designed to be below room temperature, allowing quenching 
to be performed at room temperature. Furthermore, carbon 
partitioning during the paint-baking process was proposed 
to enhance the ductility of HSS [13]. The design led to the 
refinement of prior austenite grains by combining Mn addi-
tion and VC precipitations, resulting in a relatively low 
austenitization temperature (850 °C  applied in the study). 
This refinement resulted in the formation of ultra-fine prior 
austenite grains measuring 2.6 μm. Consequently, austen-
ite films with a thickness of around 5 nm were preserved 
between martensite laths in the as-quenched state. During 
paint baking at a temperature of 170 °C for 20 min, the car-
bon diffusion distance in austenite was estimated to be 2.7 
nm. The thickness of the austenite films, approximately 5 
nm, allows enough carbon partitioning from the surrounding 
martensite into austenite. The final medium Mn HSS exhib-
ited excellent mechanical properties, including an ultimate 
tensile strength of 1800 MPa and a total elongation of 16% 
(Fig. 8).

By increasing the content of Mn and C, the  Ac3 tempera-
ture of HSS can be further reduced. Meanwhile, other alloys/
microalloys like Cr, Si, Mo, Nb, V, and Ti, among others, are 
added to ensure the desired mechanical properties of HSS 
[18, 44–46]. Thus, the complete austenitization temperature 
can be lowered to 750 °C or even below. Recently, a novel 
medium-Mn HSS with superior mechanical properties and 
minimal oxidization was proposed [18]. Similar to the devel-
opment of CF HSS, Cr and Si were added. Besides, Al was 
also added. It is claimed that the formation of a dense Cr/
Al/Si oxide band at the bottom of the oxidation layer signifi-
cantly reduced oxidation during the hot stamping process. 

Fig. 7  Schematics showing a traditional hot forming process with a 
roller-hearth-type furnace, b hot forming process with rapid heating, 
i.e., induction heating or resistance heating [42]

Fig. 8  Bake partitioning HSS. a OM by grain boundary etching 
exhibiting prior austenite grain size, b indicating the VC precipitation 
with size of approximate 5–20 nm, c tensile curves of BP170 com-
pared to as-press alloy and typical 22MnB5 PHS, and d properties 
compared to other sheet steels in references [13]



330 Z. Hou et al.

1 3

The resulting oxidation layer in this steel was less than 3 μm 
after hot stamping at 750 °C, which is much thinner com-
pared with the 100 μm oxidation layer observed in 22MnB5. 
After hot stamping and baking, the studied steel exhibited 
impressive mechanical properties, including an ultimate 
tensile strength (UTS) of 1850 MPa and a total elongation 
(TEL) of 14%, surpassing conventional 22MnB5 HSS. The 
improved mechanical properties can be attributed to several 
factors, such as the presence of undissolved dispersed car-
bides, refined RA, and the pinning of segregated C atoms 
on high-density dislocations. Together, these mechanisms 
contribute to the enhanced mechanical performance of the 
steel grade. However, further research is needed to explore 
low-temperature hot stamping of medium Mn HSS, facilitat-
ing its industrial application and potential replacement of 
traditional HSS. A comprehensive understanding of process-
ing conditions, microstructure, and mechanical behavior is 
crucial for controlling process and component quality. Over-
all, this study provides a comprehensive overview of novel 
materials with potential applications in various industrial 
settings (Fig. 9).

3  Heating Processes

The LCE hot stamping not only promotes the emergence 
of new design and materials, but also raises the demand for 
new manufacturing processes. Conventional hot stamping 
processes are generally composed of sequential blanking, 
heating, transferring, stamping, and quenching [1], among 
which heating processes usually take the longest time. In 
addition, heating processes have a significant influence 

on the microstructure and mechanical properties of final 
products, as well as the productivity and efficiency of hot 
stamping. Therefore, achieving sufficient austenitization 
within a shorter heating time is a promising trend in LCE 
hot stamping.

3.1  Conventional Heating

In conventional hot stamping, roller-hearth furnaces are 
commonly employed with indirect gas firing, electrical 
heating, or hybrid heating methods to heat the metal sheet 
to the austenitization temperature. Subsequently, the sheets 
are held at a constant temperature to obtain homogeneous 
austenitization. Oxidation of non-coated metal sheets can be 
prevented with the help of protective gas. However, despite 
these measures, the average efficiency of the heating process 
remains inadequate from the perspective of LCE require-
ments, with heat loss through the furnace walls, entrance, 
and exit accounting for approximately 30% [23]. Taking 
into account the operating rate, the overall efficiency is 
only 53.6%. This falls significantly short of meeting LCE 
demands. In addition, to ensure productivity, large roller-
hearth furnaces, for example, with a length of 30–40 m [47], 
are always necessary. However, these furnaces occupy sub-
stantial space and require additional investment costs, which 
are undesirable for industrial applications. Alternatively, 
multi-chamber furnaces can be used for mass production, 
whereas their compactness comes at the expense of transport 
efficiency. In addition to the efficiency, conventional heating 
processes relying on radiant heating generally take longer to 
reach the austenitization temperature. Although coating the 
sheets with high-emissivity material would be a potential 
method to reduce heating time to some extent for sheets with 
low absorptivity [48], the additional procedure would still 
increase the whole process duration.

3.2  Conduction Heating

Conduction heating, also termed as electrical resistance 
heating, is based on the Joule’s Law of heating. It has gar-
nered much attention due to its rapid heating rate, enabling 
temperatures to rise to 800 °C in 2 s [49]. Conduction heat-
ing is also a promising way to achieve partial heating and 
tailored properties in hot stamping. It is worth noting that 
there are basically two approaches to realize partial heating, 
according to Ref. [50]: separated current and bypass resist-
ance heating, as shown in Fig. 10. The notable advantages 
of conduction heating have led to many investigations into 
its application, extending even to non-metal materials such 
as carbon fiber reinforced thermoplastic plates [51]. One 
foremost issue for the application of conduction heating is 
its implant into the hot stamping process. Maeno et al. [52] 
presented the process chain (see Fig. 11) for conduction 

Fig. 9  Dependence of tensile properties on the hot forming and the 
baking processes. a The engineering stress–strain curves of studied 
specimens, compared with 22MnB5 steel; b Dependence of ultimate 
tensile strength (UTS), yield strength (YS) and total elongation (TEL) 
on the soaking temperature and the baking process; c Work harden-
ing rates during deformation; d RA fractions in the baked/non-baked 
specimens before and after deformation to fracture [18]
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heating and hot stamping, achieving heating times of as 
short as 4 s to ensure full hardening and a production cycle 
of ~ 10 s by hot stamping with simultaneous conduction 
heating. However, conduction heating presents an issue of 
temperature uniformity when heating non-rectangular sheets 
due to variations in electrical resistance at various positions, 
potentially leading to inadequate heating and even fractures. 
Maeno et al. [53] proposed a method of heating and blanking 
to solve this problem, as illustrated in Fig. 12, in which the 
rectangular sheets were first heated and then immediately 
transferred to the blanking die, followed by hot stamping and 
die-quenching. Also, temperature variation along the length 
of the sheet is sometimes troublesome for heating blanks 
with long geometry. Liang et al. [54] adopted temperature 
closed-loop control (see Fig. 13) in conduction heating to 

realize the unequal radiation heat transfer conditions on the 
blanks, thereby achieving uniform temperature distribution. 
Moreover, closed-loop control of force was also applied to 
eliminate deformation caused by thermal expansion. And the 
material utilization rate increased from 60.7% to 91.8% with 
the combined feedback control on temperature and force. 
Another challenge for conduction heating is the oxidation 
of non-coated sheets and coating exfoliation in the case of 
coated sheets [55]. Although Fang et al. [56] declared that 
parts heated by conduction heating exhibited better surface 
quality than that heated by furnace, oxidation can be more 
effectively addressed in furnace heating by applying protec-
tive gas. Kocar and Livatyalı [57] successfully avoided the 
damage of Al-Si coating by applying a 4-min heat treatment 
prior to conduction heating, demonstrating improved bond-
ing between the coating layer and the base metal.

3.3  Induction Heating

Induction heating uses a rapidly alternating magnetic field 
to generate electric currents inside the sheets. The tempera-
ture uniformity achieved through induction heating is highly 
dependent on the appropriate design of the induction coils 
[58]. There are generally three kinds of induction coils, i.e. 
longitudinal field, cross field, and face inductors, as illus-
trated in Fig. 14 [59]. Kim et al. found that the tempera-
ture distribution was quite uneven using the face induction 
system and came up with an idea to heat the blank with 
induction heating together with a heating block, as shown 
in Fig. 15 [60]. It would be a wise decision to utilize the 
feature of induction heating. Since the electromagnetic coil 
can be designed and manufactured based on the metal sheets, 
induction heating would be a preferable method to realize 
partial heating and thus tailored mechanical properties in 
hot stamping. For example, Bao et al. [26, 61] proposed 
a novel design involving magnetizer rings and U-shaped 

Fig. 10  Partial heating through a separated current and b bypass con-
duction heating [50]

Fig. 11  Hot stamping with simultaneous conduction heating [52]

Fig. 12  Sequence of hot stamping using blanking immediately after 
conduction heating [53]

Fig. 13  Temperature closed-loop control for conduction heating [54]

Fig. 14  Three kinds of induction coils [59]

Fig. 15  Induction heating system with heating block: experimental 
setup and temperature distribution [60]
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magnetizers (see Fig. 16) to eliminate the obvious higher 
temperature and transition regions caused by the magnetizer 
piece, and the B-pillar with an obvious temperature gradi-
ent was finally achieved for property-tailored hot stamping.

3.4  Infrared Heating

Infrared heating, as a non-contact heating method, is also a 
good alternative for hot stamping. It utilizes heat radiation as 
its heating mechanism, resulting in a lower heating rate com-
pared with conduction heating and induction heating. There 
are generally two kinds of infrared heating processes: near-
infrared heating and far-infrared heating, based on the wave 
length of infrared. The conversion efficiency of near-infrared 
heating and far-infrared is 90% and 60%–70%, respectively 
[2]. Infrared heating is more suitable for partial heating 
since precise temperature control is difficult. According to 
the study of Lee et al. [62, 63], the springback of V-bending 
tests decreased drastically by applying infrared heating at 
the bending corner (see Fig. 17). At present, the lower heat-
ing rate and difficulty on temperature control pose major 
limitations for the further application of infrared heating in 
hot stamping.

3.5  Contact Heating

Contact heating, which heats the sheets through direct con-
tact with high-temperature plates, is a favorable approach to 
achieve rapid and uniform heating, as shown in Fig. 18. The 

result showed that the heating rate reached 28.7 °C/s and 
the heating time to a solution treatment temperature of alu-
minum alloy could be reduced from around 8 min to 15–20 s 
in comparison with furnace heating [64]. Contact heating is 
also one good solution for partial heating by controlling the 
contact surface. Maeno et al. [65] adopted partial contact 
heating using hot ring iron and proved that the partial con-
tact heating method realized better-limiting drawing ratio 
of titanium alloy than whole furnace heating, as shown in 
Fig. 19.

Table 1 shows the features of those heating processes 
from the aspect of LCE hot stamping. The demand for prop-
erty-tailored hot stamping, which enables the exploitation of 
material potential and the attainment of desired mechani-
cal properties at specific positions [66], has encouraged the 
emergence of diverse heating processes. The innovations in 
fast and partial heating processes generally align with the 
trend of LCE hot stamping in terms of increasing energy 
efficiency and saving investment costs. Whereas the pro-
posed approaches are mostly limited to laboratory scale, and 
the conventional roller-hearth furnace heating process still 
dominates in industrial applications. Hence, there is still a 
long way to go before the extensive application of LCE hot 
stamping can be achieved.

There is no doubt that the development of new heating 
processes remains a crucial necessity. Laser heating pre-
sents a promising approach for achieving fast heating (within 
200 ms from room temperature to 1000 °C) and synchronous 
property control in sheet metal forming [67–69]. However, 
precise control over the peak temperature, heating, and 

Fig. 16  The model and temperature field of the B-pillar [61]

Fig. 17  Sequence of bending processes with local infrared heating 
[63]

Fig. 18  The schematic of a device and b contact heating [64]

Fig. 19  Cylindrical deep drawing by partial contact heating and 
whole furnace heating [65]
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cooling rates could be one of the significant challenges for 
its application. While previous research has mainly focused 
on the mechanical properties of the final product, variations 
in heating or cooling rates also impact phase transformation 
[70–72]. In addition to technological issues, the effect of 
rapid heating on the microstructure evolution mechanism 
also urgently requires regulating the process parameters, as 
well as the microstructure and mechanical properties of final 
products. Besides, a comprehensive evaluation of space, effi-
ciency, cost, and other factors is necessary to better under-
stand the advantages and shortcomings of various heating 
processes, as well as the feasibility of replacing conventional 
heating methods with emerging ones.

4  Part Designs

Carbon emissions can be reduced during the design pro-
cess of hot stamping parts by using an integrated design 
approach from three perspectives: reducing raw material use, 
reducing energy consumption in the manufacturing process, 
and reducing body weight. The integrated design approach 
can improve material utilization by selectively using high-
strength, thick materials in specific parts, reducing mate-
rial engineering scrap rate through reasonably combining 
various steel plates, and realizing a raw material reduction 
in the hot stamping process. As a result, the integrated 
design approach significantly contributes to carbon emis-
sions reduction due to less raw material consumption [3, 
73]. Furthermore, integrated part design can realize the 
integral stamping and one-time forming of parts, minimiz-
ing the number of hot stamping parts, stamping equipment, 
workflow, and tools, and reducing energy consumption in 
manufacturing. Additionally, integral stamping eliminates 
the need for redundant reinforcements and joining elements, 
contributing to a reduction in overall body weight. Laser tai-
lor welding and tailor rolling are widely used in automobile 
body design. The application of tailor blanks in combina-
tion with the hot stamping process can produce body struc-
tural parts with a desired geometry, shape, and mechani-
cal properties, which is critical for achieving automotive 
lightweighting and LCE. The following sections introduce 
the development of thickness-gradient part design and inte-
grated part design, with a focus on the contributions of both 
technologies to LCE hot stamping.

4.1  Thickness‑Gradient Part Design

Tailor welded blank (TWB) and tailor rolled blank (TRB) 
are widely used in automobile body design, for achieving 
different thickness and performance gradients on one part. 
TWB is made up of individual steel sheets with varying 
thicknesses, strengths, and coatings that are joined together 
using laser welding. This process enables hot stamping oper-
ations to be performed, resulting in the desired sheet metal 
parts [73]. It should be noted that TWBs have the potential 
to significantly improve vehicle safety and reduce weight 
(Fig. 20), which results in lower overall manufacturing costs 
by using fewer forming dies, and less weight by welding 
sheet materials of varying thicknesses and strengths. This 
has improved dimensional accuracy by eliminating the inac-
curate spot-welding process [74].

TRB consists of a single base material, which is typi-
cally 22MnB5. Sheets of varying thicknesses are manufac-
tured in tailor-rolled blanks using a flexible rolling process, 
resulting in a smooth transition between two different blank 
thicknesses [75]. Therefore, no stress peaks are generated 
by abrupt thickness transitions, resulting in good formabil-
ity. Besides, given the absence of weld seam, tailor-rolled 
blanks have a higher surface quality. Tailor-rolled blanks 
have shown a favorable potential in reducing weight and 
improving the crashworthiness of automobile components 
such as the center pillar and cross beam. Since 2001, tailor-
rolled blanks have been used as semi-finished products for 
parts in the automotive industry. Tailor-rolled blanks include 
two rolling processes, longitudinal thickness variation and 
latitudinal thickness variation [76, 77]. Varying thicknesses 
in the longitudinal direction can be achieved via a flexible 
rolling process. The roll gap is varied during sheet rolling 
to achieve the desired thickness distribution (Fig. 21). The 

Table 1  Features of heating 
processes for hot stamping

Heating Furnace Conduction Induction Infrared Contact

Heating rate Low High High Medium High
Temperature Uniform Non-uniform Non-uniform Uniform Uniform
Energy efficiency Low High Medium Low Low
Space occupation Large Small Small Large Small

Fig. 20  Tailor welded blank (TWB) and tailor rolled blank (TRB) 
[77]
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roll gap has been adjusted online by measuring the sheet 
thickness after the rolling process.

Muhr et al. produced flexible rolled blanks with an accu-
racy of ± 0.05 mm, the maximum sheet width for this process 
is 750 mm. To achieve sheets with a thickness variation in 
latitudinal direction, Kopp et al. developed the strip profile 
rolling process [76]. In this process, a special roll system that 
causes a material flow in a latitudinal direction was used.

According to Chatti et al., tailor-rolled profiles improved 
structural behavior, resulting in 15.6% less intrusion at a 
13.5% weight reduction [80]. Ryabkov et al. developed a 
3D-strip profile rolling process that generated blanks with 
thickness transitions in both the longitudinal and lateral 
directions [81]. Duan et al. applied TRBs to the front longi-
tudinal beam (FLB). FLB is a deformable part under vehicle 
frontal impact and its deformation pattern can greatly influ-
ence vehicle safety. The lightweight design method has been 
proposed to minimize the weight of the FLB-inner [79]. Han 
et al. [82] developed tailor-rolled blanks for an automobile 
door with thickness distribution in both longitudinal and 
latitudinal directions. The thickness distribution of a car 
part can be optimized to increase energy absorption during 
impact. Yu et al. [83] optimized the frontal crash design of 
automotive front-end components by making use of TRB 
technology. The results indicated that TRB front-end com-
ponents were superior to the uniform thickness front-end 
components in overall crashworthiness. The optimal TRB 
design solutions are verified by simulation results. Results 
show that the weight of front-end components is reduced by 
12.8%, the total energy absorption is increased by 8.73%.

TRBs have been widely used in the automotive indus-
try due to their lightweight potential and easy adaptation to 
existing manufacturing processes such as hot-stamping [84]. 
In spite of TRB's excellent forming performance, its flexible 
rolling technology still needs to be improved and optimized, 
especially when it comes to high precision requirements. 
Currently, TRB is strictly delimited by the same raw materi-
als. Further research is still needed to determine the perfor-
mance of the smooth transition zone and its impact on the 
overall performance of the TRB. Furthermore, for a greater 
breakthrough in blank properties, how to make the whole 
tailor-rolled blanks show continuous changes is an important 
research topic.

4.2  Integrated Part Design

TWBs (Fig. 22) have been widely used in roof reinforce-
ment, body side inner, door ring, tunnel reinforcement, 
B-pillar, and bumper beam. Weight reduction is the key 
approach to reduce fuel consumption and carbon emissions 
which is achievable by TWBs [85]. Múnera et al. [86] inves-
tigated the weight reduction potential of safety-relevant parts 
produced by hot stamping of tailored welded blanks. The 
steel grade USIBOR 1500P is laser welded with Ductibor 
500P. It tends to have high ductility after quenching. Using 
this material combination for safety-relevant car body parts 
could result in weight savings ranging from 4.1 to 5.4 kg. 
Another advantage of TWBs is the ability to tailor the 
mechanical strength of automotive parts by reinforcing only 
the regions that require strength or stiffness for crash resist-
ance with more resistant materials and using lower-thickness 
materials in the rest of the components where less strength 
is required. Lechler et al. [87] identified the use of tailor-
welded blanks for hot stamping processes. The combination 
of tailor-welded blanks technology and a hot stamping pro-
cess in a way realized controlled energy absorption and the 
avoidance of overstressing in the hot-stamped part.

The B-pillar is a typical example of a hot stamping part. 
Its upper section necessitates high strength to provide sup-
port and ensure sufficient space for passengers to with-
stand external forces during collisions, thus safeguarding 
both vehicle integrity and passenger safety. Conversely, 
the lower section of the B-pillar requires lower strength 
but high plasticity to effectively absorb the car's impact 
energy, thereby maximizing passenger safety [88]. Huang 
et al. [89] investigated the mechanical property and struc-
tural performance of the hot-stamped TWB B-pillars. 
According to the CAE results, the TWB design can reduce 
the intrusion distance at the passenger's chest height. In 
the process of hot stamping, the weld line has a low crack 
sensitivity. The transition zone between the hard zone and 
soft zone is less than 1 mm. Song et al. [90] used the 
adaptive response surface method to optimize the design 

Fig. 21  B-pillar parts designed by: a TWB [78] and b TRB[79]

Fig. 22  Applications for tailor welded blanks in white body [86]
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of a variable-strength B-pillar reinforcement panel. The 
results showed that the car body using the optimized B-pil-
lar can meet the side impact performance requirements in 
a better way and reduce the weight of the part by 12.1% 
simultaneously. The traditional four parts are replaced by 
the integrated door rings with one door ring part, which 
is laser welded into a whole piece of material and then 
stamped in one piece to ensure the overall rigidity of the 
body while enhancing the overall lightweight effect. TWB 
hot forming door ring is one of the most effective meth-
ods to improve vehicle crashworthiness. Recently, GONV-
VAMA introduced a new technology, an integrated hot 
forming laser welded double door ring. The combination 
of the rear door ring (Fig. 23) based on the previous door 
ring, and the strengthened structure of the entire passenger 
compartment is hot formed as a whole to form a double 
ring structure, which is referred to as a double-door ring. 
The integrated double-door ring replaces the original 12 
parts with a single part. Plus, when compared to the tradi-
tional multi-part spot-welded construction, the integrated 
double-door ring can achieve a 32% weight reduction.

In summary, integrated part design can be applied to 
effectively reduce raw material consumption, weight, and 
the number of stamping processes, resulting in LCE hot 
stamping. Although tailor-welded blanks have numerous 
advantages, an increase in processing time and overall pro-
cess costs due to the additional laser welding operation 
should be considered. Furthermore, hot stamping blanks 
are typically pre-coated with a protective layer before hot 
stamping to prevent surface oxidation and decarburization 
[92]. Al-Si coating is most commonly used [93]. In spite 
of this, many studies show that Al-Si coatings harm the 
mechanical properties of welded joints. As a consequence, 
weld lines reduce formability, as well as create stress con-
centrations at the weld line when joining blanks of differ-
ent thicknesses. The above issues are further important 
aspects to be considered in the application of integrated 
part design.

5  Conclusions

This study provides a comprehensive summary of the 
recent developments in steel grades, heating processes, 
and part design in the hot stamping field. Based on the 
findings, recommendations for achieving a low-carbon 
economy (LCE) in the hot stamping process are proposed. 
The conclusions and perspectives drawn from this study 
are as follows:

Firstly, a review of the characteristics of traditional 
HSS, coating-free (CF) HSS, and medium Mn HSS is 
presented. CF HSS, with its enhanced mechanical proper-
ties and oxidation resistance, has the potential to support 
the mass-market application of LCE in the automotive 
industry. Its unique antioxidant property is attributed to 
the quick formation of a thin layer of oxide film on the 
surface. The remarkable ductility observed in CF HSS is 
a result of the formation of nano-sized retained austen-
ite through dynamic carbon partitioning during the hot 
stamping process. Meanwhile, medium Mn HSS, with its 
lower austenitization temperatures and improved mechani-
cal properties, is gaining attention as a replacement for 
traditional HSS as it has the potential for energy consump-
tion reduction in hot stamping. However, to fully realize 
its benefits and facilitate its industrial application, further 
research is needed to gain a comprehensive understanding 
of the processing conditions, microstructure evolution, and 
mechanical behavior associated with medium Mn HSS.

Secondly, conventional heating processes, primarily 
relying on radiant heating, suffer from inefficiency, leading 
to prolonged heating times. However, conduction heating 
emerges as a promising alternative due to its rapid heating 
rates and the ability to achieve partial heating. Nonetheless, 
it faces challenges in achieving temperature uniformity and 
preventing oxidation. In contrast, induction heating offers 
a potential solution for temperature uniformity, while the 
appropriate design of induction coils is vital. Overall, the 
development of efficient and effective heating processes is 
essential for the advancement of LCE hot stamping.

Thirdly, a part design approach can reduce carbon emis-
sions during the design stage of hot stamping parts. This 
approach involves using high-strength, thick materials 
selectively, combining various steel plates, and realizing 
a raw material reduction in the hot stamping process. By 
adopting integral stamping and one-time forming of parts, 
the number of hot stamping parts can be minimized, lead-
ing to a reduction in stamping equipment, working proce-
dures, and tools, thereby lowering energy consumption in 
manufacturing. Laser tailor welding and tailor rolling can 
produce body structural parts with the desired geometry, 
shape, and mechanical properties, achieving automotive 
lightweighting and LCE.

Fig. 23  Integrated door ring [91]
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In summary, it is crucial to recognize the interdependence 
among heating processes, part designs, and the capabilities 
of the materials used. In other words, the boundaries of the 
material's capabilities must be fully understood. By pushing 
the boundaries of material capabilities, advanced heating 
processes can expand the application potential of the materi-
als, enabling a broader scope for innovative designs. All in 
all, carbon reduction in manufacturing can only be achieved 
through a holistic approach to steel-process design.
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