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a b s t r a c t

As a promising solution to the growing demand for lightweighting, hot stamping has gained considerable
applications in the automotive industry. Over the past few decades, the market for hot stamping has
experienced explosive growth, with ongoing advancements offering potential for further expansion of its
applications. This paper provides a historical overview of hot stamping alongside an in-depth analysis of
future trends. Scientific publications, patents and industrial applications of hot stamping are systemat-
ically reviewed, with major developments in materials, processes, tools, and other relevant aspects being
highlighted. Through data analysis, the current state of hot stamping is comprehensively depicted, and
the trends in the development of hot stamping are revealed. Additionally, the future of extending hot
stamping technologies to a broader range of materials is discussed, with suggestions furnished from both
academic and industrial perspectives.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As the trend of global warming intensifies, international col-
laborations have been ramped up to reduce greenhouse gas emis-
sions. Unprecedentedly stringent policies are being enacted to
achieve net-zero emissions within the next three to four decades
[1,2]. Among all sectors, transportation stands as a major contrib-
utor to greenhouse gas emissions, constituting 23 % of global CO2
emissions according to data from the International Energy Agency
(IEA) in 2021 [3]. In countries such as the US and UK, trans-
portation's contribution to greenhouse gas emission is even more
pronounced, accounting for 29 % in the US [4] and 27 % in the UK
[5], the largest portion among all industrial sectors. Within this
sector, road transportation, especially passenger cars, is the most
primary source of emissions. As a result, automotive manufacturers
face huge regulatory pressure to reduce CO2 emissions.

Lightweighting is one of the most prevalent strategies to in-
crease fuel efficiency and reduce carbon emissions. It is estimated
that a 10 % reduction in weight vehicle can yield 6e8 % reduction in
fuel consumption [6]. Several lightweight materials have been
hi).
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introduced to make cars lighter without compromising increas-
ingly stringent safety standards. Advanced high-strength steels
(AHSS), high-strength aluminium alloys, and carbon-fibre-
reinforced polymers (CFRPs) have been developed to address the
growing demand for high-specific-strengthmaterials. Among these
materials, ultra-high-strength steels (UHSS), a subset of AHSS
known for their exceptionally high strength (commonly charac-
terised by an ultimate tensile strength (UTS) above 980 MPa), are
particularly suitable for safety-critical components in vehicle.
However, the increased strength of these steels undermines the
formability, necessitating high forming forces and resulting in se-
vere springback. To overcome these challenges, the automotive
industry has adopted the hot stamping process, which has proven
highly effective in forming UHSS components for decades.

The hot stamping process consists of three stages: (1) heating
and austenitising; (2) high-temperature stamping; and (3) rapid in-
die quenching to a certain low temperature [7]. The elevated
stamping temperature significantly reduces forming force and en-
hances formability. Furthermore, the rapid in-die quenching min-
imises springback and generates a fully martensitic microstructure,
leading to ultra-high strength properties. Therefore, in comparison
to other forming methods for automotive structural components,
hot stamping exhibits superior capability in crafting intricately
designed parts with exceptional strengths [8]. Traditionally, hot
stamping was predominately associated with ultra-high-strength
boron steels. However, the high operation temperatures (over
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900 �C) of boron steel hot stamping technologies present chal-
lenges such as reduced productivity caused by long heating and
cooling cycle, as well as high costs, imposing limitations on the
widespread adoption of this process. Addressing these issues has
become the main focus of recent studies, with improvements to
material design, processes and tools to tackle the issues. Addi-
tionally, non-conventional hot stamping techniques applied to
lightweight materials other than boron steels also attracted
attention recently. For example, medium-Mn (MMn) steel has
emerged as a promising alternative to boron steels, offering lower
operation temperatures and improved post-formed mechanical
properties [9,10]. On the other hand, hot stamping technology has
also been applied to high-strength aluminium alloys to enhance
their formability and mechanical properties for broadening their
application in automotives [11,12].

The recent decade has seen a surge in the developments and
applications of hot stamping. As the technology matures, the focus
of researchers and developers has shifted significantly from initial
academic and fundamental studies to more practical and refined
topics. This review aims to present themacroscopic development of
the hot stamping technologies and primarily concentrates on the
analysis of hot stamping of boron steels which have been exten-
sively researched and mostly commercialised. This paper com-
mences with a historical review of the developments and
applications of the hot stamping technology. Trends in the devel-
opment of hot stamping are then explored through a statistical
analysis of published scientific papers and patents concerning this
technology, in terms of time-series, geographical distribution and
topics. Recent developments in materials, processes and tools are
highlighted. Furthermore, as a future trend, the adaptation of hot
stamping technologies beyond boron steels for a broader spectrum
ofmaterials, such as high-strength Al alloys andmedium-Mn steels,
is discussed.

2. The development and industrial applications of hot
stamping

2.1. Hot stamping processes and boron steel

The hot stamping technique has reached maturity and is now
globally commercialised. Themost commonly usedmaterials in hot
stamping technology are boron (MneB) steels, with 22MnB5 boron
steel being particularly popular. Basic methods of hot stamping
process include direct process (Fig. 1a) and indirect process
(Fig. 1b). In the direct process, the steel coil begins by being cut into
blanks, which are then heated to a temperature range of
900e950 �C in a furnace. These blanks are maintained isothermally
for roughly 5e10 min to allow the initial ferrite-pearlite micro-
structure to fully transform into austenite. Afterward, these blanks
are transferred from the furnace to a press, where they are shaped
at temperatures typically around 700 �C or even higher, and sub-
sequently cooled rapidly to ambient temperature at a rate of at least
27 �C s�1 for 22MnB5 steels to ensure a full martensitic trans-
formation [13]. Therefore, compared to other forming techniques
adopted in car structure components, hot stamping shows an
outstanding ability to produce highly complicated components
with little spring-back and ultra-high-strength using single-stage
forming process. Notably, 22MnB5 steel typically features a yield
strength exceeding 1000 MPa, an ultimate tensile strength
approximating 1500 MPa, and an elongation of 6e7% following hot
stamping [14e16]. Following this, the hot-stamped piece un-
dergoes post-processing steps, including tempering, trimming, and
punching, tomeet the specific needs of commercial clients [17]. The
change of temperature and microstructure of the blank during this
process is illustrated in Fig. 2. In contrast, in the indirect process,
328
the parts are pre-formed at room temperature before heating. They
are then austenitised and calibrated at hot stamping temperature
and quenched in the die to achieve the highest strength. Indirect
hot stamping is suitable for steel blanks with Zn-coatings [18].
Compared with direct hot stamping, indirect hot stamping offers
the capability to manufacture parts with very complex geometries
while mitigating die wear, as the blank predominantly undergoes
forming prior to hardening. However, this approach requires two
sets of presses and dies, resulting in higher costs for equipment and
the overall process [8]. When applying hot stamping technology in
other promising materials, namely MMn steels and high-strength
Al alloys, as mentioned in Section 1, the process remains similar
with modifications in operating parameters. More details are dis-
cussed in Section 4.

The widespread adoption of boron steels in hot stamping is
attributed to the following factors: 1) In achieving equivalent or
higher levels of strength and hardness, boron steels typically incur
lower costs compared to other conventional steels. 2) Boron steels,
thanks to the addition of boron, have high martensite finish tem-
peratures (Mf), typically exceeding 250 �C (i.e. wider process win-
dow), which is particularly advantageous for mass production [19].
3) The exceptional hardenability of boron steels (attributable to
boron as well), as evidenced by the low critical cooling rates needed
for achieving a fully martensitic microstructure, translates into
uniform mechanical properties across manufactured components
[7].

Owing to the merits of the hot stamping, considerable ad-
vancements have been made to further improve this technology
and broaden its application scope. Specifically, a comprehensive
understanding of the relationship between mechanical properties
and microstructure has been grounded, in conjunction with
advanced modelling techniques, to optimise critical process pa-
rameters such as heating temperature, duration and cooling rates,
etc. that impact the final performance [20e22]. Innovations in
process equipment, tooling techniques and material design have
also been developed to make the process more energy-efficient,
productive and environmentally sustainable, as well as to
improve the final performance of the components. Further details
are discussed upon in the subsequent sections.

2.2. The history and application of hot stamping

Hot stamping originated in Sweden in the 1970s, initially finding
applications in the production of agricultural parts. The first patent
(SE7315058A) was filed in 1973 by Plannja AB, later a subsidiary of
Swedish Steel AB (SSAB) [23]. SSAB initially held key boron steel
patents and had an exclusive supply to major OEMs like Ford and
Volkswagen in the early 1990s, primarily focusing on door beams.
After the original patent expired in the mid-1990s, various com-
panies began developing their own hot stamping technologies. By
the late 1990s, 8 million hot-stamped parts had been produced
globally. A notable example was the 2004 VW Passat car, which
applied 15 % of hot-stamped boron steel in its body structure [7]. In
the 2000s, diverse hot stamping processes to produce components
with tailored mechanical properties, notably tailor-welded blanks
(TWB) and tailor-rolled blanks (TRB) manufacturing technologies,
were introduced to meet varied requirements in different areas of
automotive components like B-pillars [24]. These tailored compo-
nents reduce the need for additional welding and trimming pro-
cesses, enhancing efficiency and design flexibility.

In the 2010s, the drive to reduce vehicle weight boosted the use
of hot stamping, and hot stamping expanded to more complex car
parts. By the early 2010s, major automakers widely embraced this
technology for key body parts [8]. In the recent decade, the appli-
cation of hot stamping expanded from structural reinforcements to



Fig. 1. Schematic of hot stamping processes. (a) Direct hot stamping process (b) Indirect hot stamping process.

Fig. 2. Schematic of temperature profile of a direct hot stamping process and associ-
ated microstructural changes for 22MnB5 steels.

Fig. 3. Typical application of hot-stamped components in a passenger car (base image
from Ref. [28]). Red labels a harder hot-stamping steel and black indicates a softer hot-
stamping steel.
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areas such as A-pillars and door rings [25e27], enabling further
lightweighting, unique designs and enhanced visibility. Typical
applications of hot stamping for a family car's body are illustrated in
Fig. 3.

The percentage of hot-stamped components in the body-in-
white (BiW) has been gradually increasing in recent years. A clear
example of this trend is reflected in Volvo's BiW design evolution
(Fig. 4): In 2002, the first generation SUV XC90 had only 7 % of its
BiW made of hot-stamped steel, specifically in its B-pillars and
bumper beam (highlighted in red in Fig. 4). By 2015, this percentage
had risen to 38 % in the second generation XC90, featuring more
parts made of UHSS [29,30]. Around 360 million parts had been
made with hot-stamped steels in 2015, a notable increase from the
124 million parts recorded in 2010 [31].

Although already extensively adopted by carmakers like Volvo,
the global usage of hot stamping still has substantial room for
growth. Research by consulting firm Roland Berger in 2017 [33]
indicates that the share of hot-stamped parts in the total BiW
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market, is expected to rise from 8 % in 2015 to 17 % by 2025. This
growth is anticipated to elevate the market value of hot stamping
from 11.6 billion euros to 17.4 billion euros (see Fig. 5a). Their
projections suggest that while Europe may reach a plateau due to
market saturation, China is expected to become a key driver of this
growth, given its increasing focus on improving safety standards
and reducing carbon emissions (see Fig. 5b).

The rise of new energy vehicles, particularly battery electric
vehicles (BEVs), represent another growth factor of hot stamping
market. Due to the weight of the battery itself and the increasing
demand to safeguard the battery pack, the curb mass of a typical
BEV is about 10 % higher than that of combustion engine cars [34].
This elevates the necessity for lightweighting, making hot stamping
a more prominent choice for BEVs. According to a recent report
[35], automaker Hyundai Motors uses hot-stamping steels for
approximately 15 % of all steel parts in their internal combustion
engine cars, while the percentage rises to 20 % for their electric



Fig. 4. Usage of hot stamped parts in Volvo vehicle models (data from Refs. [30,32]).

Fig. 5. Total BiW market value, hot stamping value and of hot stamping market share by regions (data from Ref. [33]). (a) Total BiW market and share of hot stamping (b) Hot
stamping market share by regions.
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vehicles. Beyond conventional reinforcement components
commonly found in non-electric cars, hot stamping has demon-
strated potential applications in structures uniquely found in new
energy vehicles. The steelmaker ArcelorMittal is at the forefront of
innovation, developing a novel hot-stamped battery ring that en-
sures safety for both battery and occupants [36]. The company has
also proposed design concepts advocating the introduction of hot-
stamped components in the battery enclosures of electrical vehicles
[26,37].

In summary, hot stamping technology has undergone a
remarkable transformation in the nearly 50 years. It has shown
substantial promise and now stands as a fundamental technique
extensively embraced within the automotive industry. With
continuing innovations and ongoing pursuit of sustainability and
safety standards, hot stamping is poised to continue its growth,
serving as a critical technology in the constantly evolving auto-
motive landscape.
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3. Scientific and technical research on hot stamping

3.1. Data analysis of scientific publications and patents

To comprehensively illustrate the development of the hot
stamping technologies, a statistical analysis of scientific publica-
tions and patents related to hot stamping is conducted. The raw
data of scientific papers is obtained from the Web of Science
database, while the patents are sourced from the online patent
service Espacenet. Using carefully chosen keywords associatedwith
hot stamping, data are collected and manually checked to ensure
their relevance. The validated entries are then categorised accord-
ing to various criteria including time, topic, region and affiliation.
While most of the information is extracted directly from the met-
adata of the entries, additional manual work is undertaken to
complete missing information in the dataset. To streamline the
process, Python natural language processing libraries are utilised to
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parse and categorise the raw data. Specifically, the natural language
toolkit NLTK is employed to semantically tokenise the text, while
the topic modelling library Gensim is used to categorise the pub-
lications and patents by topics based on their titles, keywords, and
abstracts. These results are then manually verified to increase the
accuracy.

In this research, a total of 2177 scientific papers and 4567 pat-
ents related to hot stamping is analysed. The dataset covers pub-
lications dates ranging from January 1970 to December 2022,
providing a robust overview of the developments in hot stamping
technologies over several decades.

3.1.1. Time-series analysis
Fig. 6 shows the numbers of scientific publications and patents

related to hot stamping from 1975 to 2022; the patents are pre-
sented by the year of publication. The graph reveals that before
2000, both papers and patents on hot stamping were relatively
scarce. The numbers start to rise from 2000 to 2005 and then
experience a significant surge until 2017, which is accelerated by
the demands of lightweight applications due to environmental
issue and legal requirements. The main research aspects focus on
material design and process development, leading to a compre-
hensive understanding of the fundamental issues and basic
mechanisms of hot stamping. The near-parallel growth in the
number of papers and patents from the early 2000s to around 2017
suggests that academic research was likely driving patentable
innovation, with new discoveries and theories quickly being
translated into practical applications. Post-2017 trends for the
patents and papers show some divergences: the number of papers
appears to reach a peak in 2017 and start to decline afterward,
while patent numbers continue to grow. The relationship between
the trends in patents and papers suggests that while the funda-
mental academic research in hot stamping may be maturing, there
remains a dynamic and evolving landscape of industrial innovation.
The industry may have accumulated enough foundational knowl-
edge to continue innovation at a more applied level, and focuses on
the improvement of existing technologies and on the customisation
of hot stamping processes for specific applications. It is noteworthy
that the numbers of scientific papers from 2020 to 2022 may be
influenced by the economic downturns and the impact of the
pandemic.

3.1.2. Geographical distributions analysis
Fig. 7 displays the regions associated with the main affiliations

of the papers on hot stamping technologies. Notably, China,
Fig. 6. Numbers of scientific papers and patents related to hot stamping over the years.
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Germany, South Korea, Japan, North America and the UK emerge as
primary contributors to research in this field. Germany, maintain-
ing a steady output, reflects the country's longstanding commit-
ment to engineering and technological innovation, particularly in
the automotive sector, which extensively utilises hot stamping for
producing high-strength components. The decline in research
output from regions like North America and the EU, except for
Germany, may suggest a shift in research priorities or a transition
towards other emerging technologies. Alternatively, it could reflect
a maturation phase in hot stamping technology within these re-
gions, where the initial research fervour has stabilised as the
technology has become more integrated into industrial practices.
The intensive studies and high institutional engagement in China,
underscored by the substantial portion of overall research in this
field as shown in the pie chart in Fig. 7a and the fact that six out of
the top ten universities in this field are Chinese, suggest that the
epicentre of research gravitates towards China and China plays a
pivotal role in shaping the advancements of hot stamping tech-
nology on a global scale.

The evolution of the distribution of patents are shown in
Fig. 8. The major countries involved are similar, but the per-
centages differ significantly. China, again, has the most patents in
recent year. The number of patents from Japan and South Korea
is also remarkably high, largely due to the extensive patent ap-
plications from major steelmakers like Nippon Steel, Kobe Steel,
Hyundai Steel and POSCO. In fact, material suppliers account for
58 % of all applicants (see Fig. 9). Part suppliers and carmakers
account for 16 % each of the total patent applications, with the
research institutes contributing 8 %, and the remaining share
comes from equipment and tools suppliers. It is noteworthy that
this percentage by classification is not absolutely definite, given
that many equipment suppliers also engage in parts
manufacturing. The diverse range of applicants underscores the
ongoing innovation in hot stamping technology with a collabo-
rative effort involving all participants across the supply chain.
Moreover, the establishment of a complete and mature supply
chain for the hot stamping industry, initially originating in
Europe and subsequently expanding into markets like South
Korea and China, reflects widespread acceptance and robust
support for hot stamping technology across the industry. The
thriving presence of emerging manufacturers in East Asia,
particularly in parts production, tools development, and ancillary
equipment supply, further accentuates the technology's
industry-wide embrace and sustained growth.

3.1.3. Topic analysis
Figs. 10 and 11 show the scientific papers and patents, respec-

tively, categorised by topics including material, process, equipment
and others. The categorisation of scientific papers and patents
varies based on their respective significance in both datasets. The
number of academic papers on hot stamping topics appears to
either stabilise or decrease slightly in recent years. It is plausible to
infer that the basic principles and methodologies of the technology
are reaching a saturation point, and the fundamental scientific is-
sues related to hot stamping have been largely understood. In
contrast, the increasing number of patents signals ongoing inno-
vation and the application of these scientific principles into new
and improved technologies. The rising patent trend is indicative of
a shift from basic research to application and optimisation, where
the focus is on refining processes, enhancing materials, and
developing more advanced equipment. When comparing different
topics within the field, it can be inferred that certain areas are
experiencing more rapid technological development. For example,
the consistent emphasis on materials in both papers and patents
points to a dynamic area of development in new material designs



Fig. 7. Evolution of the number of scientific papers on hot stamping by region of the affiliations. The pie chart in (a) represents the overall percentages for all years. (a) Evolution of
paper numbers by region (b) Trends in percentage of papers by region.

Fig. 8. Evolution of the number of patents on hot stamping by region of the affiliations. (a) Evolution of patent numbers by region (b) Percentage of patents by region.

Fig. 9. Patents on hot stamping by type of applicants.
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(e.g. MMn steels and high-strength Al alloys) or improvement in
existing ones. This persistent research intensity underlines the
critical role of material science as a driver of innovation in hot
stamping technology. Process, equipment and tools also command
a significant portion of patents, underscoring an industry push
towards optimising the efficiency and capability of hot stamping
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machinery. The focus here is likely on making the process more
cost-effective, precise and adaptable, which is crucial for keeping
up with the evolving demands of manufacturing sectors that utilise
hot stamping. Overall, the hot stamping field that is evolving from a
phase of expansive research to one of focused application and
commercialisation. The data suggests that while the academic in-
terest in the fundamental aspects of hot stamping may have
reached the peak, the industry is actively seeking to capitalise on
these advancements, driving the technology towards wider in-
dustrial application and integration into the manufacturing
landscape.

Based on the above data, it is evident that hot stamping is
evolving into a mature and conventional technology. From the
diverged evolution of scientific papers and patents, and the change
of topics of these publications, one can see that pure academic
interests is giving way to applicable studies. However, the classifi-
cation of the topics in the analysis is broad, and any structural
changes within these macro-topics are not captured here. By
delving into the content of the publications and focusing on the
main topics, recent trends in development can be better under-
stood. These publications are reviewed and trends in various areas
are summarised in the following section.



Fig. 10. Evolution of the number of papers on hot stamping by topics. (a) Number of papers by topics (b) Percentage of papers by topics.

Fig. 11. Evolution of the number of patents on hot stamping by topics. (a) Number of patents by topic (b) Percentage of patents by topics.

J. Li, C. Tong, R. Zhang et al. International Journal of Lightweight Materials and Manufacture 7 (2024) 327e343
3.2. Recent trends in the development of hot stamping of boron
steels

In expanding the application of hot stamping, the impact of
fundamental parameters on the performance of hot stamping has
been extensively investigated [38e43]. Key factors such as heating
rate, austenitising temperature, soaking time, and cooling rate are
critical in defining the mechanical and microstructural properties
of hot-stamped steels, necessitating specific adjustments for
different cases [38e40]. The thermomechanical properties (e.g.
flow curves) and forming limit diagrams, affected by forming
temperature and speed, have been studied to predict material flow
and understand how to achieve the desired characteristics of the
final hot-stamped product [41e43]. While these fundamental ef-
fects are general and not the primary focus of this paper, this sec-
tion discusses the practical improvements in hot stamping derived
from these fundamental effects, which is helpful as a guidance for
further research.

3.2.1. Developments in steels and associated coatings
Recent studies on hot-stamping materials mainly focus on

developing steels with higher strength. Beyond the conventional
22MnB5, steels like 27MnCrB5, 28MnB5, 30MnB5, 33MnCrB5,
34MnB5, 37MnB4, and 38MnB5 have also proven suitable for the
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hot stamping process. Due to their higher equivalent carbon con-
tents brought by additional C, Mn and Cr, these steels typically offer
greater strength than 22MnB5. In addition to increasing strength
and hardness, Mn can lower the austenitisation temperature and Cr
can improve corrosion resistance. Many of these higher-strength
hot-stamping steels have been commercialised and are used in
the automotive industry, including brands like Docol PHS 1800 by
SSAB [28], BTR 2000 by Benteler [44], MBW-K 1900 by Thyssenk-
rupp, and Usibor 2000 by ArcelorMittal [14]. Table 1 lists the
nominal chemical compositions andmechanical properties of some
commercialised hot-stamping steels with higher strength. In
addition, developers seek hot-stamping steels with greater
ductility. For example, following simulated hot stamping, 20Mn2Cr
steel achieved a UTS of 1513 MPa, a yield strength of 1190 MPa, and
an elongation of 12 % [45]. Another hot-stamping steel was devel-
oped by adding Cr and Si to produce transformation-induced
plasticity (TRIP) effect through a small fraction of retained
austenite (RA) [46]. This RA-stabilised steel was reported to have a
UTS of 1680MPa and a total elongation of 9.2 % after die quenching;
both properties are higher than that of the conventional 22MnB5.

Hot-stamping steels are susceptible to hydrogen embrittlement
compared to other steels. The tetragonal structure and high dislo-
cation density of martensite in hot-stamped steels mean that more
H atoms can be trapped [51,52]. Hydrogen can be absorbed into the



Table 1
Mechanical properties of major commercialised hot-stamping steels with higher UTS than 22MnB5.

Commercial name Nominal composition Steelmaker YS (MPa) UTS (MPa) Elongation (%)

USIBOR 2000 [14] 37MnB4 ArcelorMittal �1400 �1800 5
MBW-K 1900 [15] 38MnB5 ThyssenKrupp 1200 1900 4
Docol PHS 1800 [16] 28MnB5 SSAB 1300 1800 6
Docol PHS 2000 [16] 37MnB4 SSAB 1380 2040 6
1800HPF [47] e POSCO �1100 1650 �5
2000HPF [47] e POSCO �1200 1800 �4
NSHS28CB [48] 28MnB5 Nippon Steel e ~1500a e

NSHS35CB [48] 35MnB5 Nippon Steel e ~1750a e

NSHS42CB [48] 42MnB5 Nippon Steel e ~2000a e

B1800HS [49] 30MnB5 Baosteel 1213 1830 5.5
AC1800 HS [50] 34MnB5 Ansteel 1232 1890 5.12

a Converted from hardness (HRC) after quenching.
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steel during austenitising, production, painting, or in-service
corrosion [53]. Hydrogen embrittlement cause catastrophic
degradation of mechanical properties and may lead to hydrogen-
induced delayed fracture once the intake of hydrogen exceeds a
critical value which is very small for hot-stamped steels. It was
found that a hydrogen concentration of 9 wppm led to more than
75 % reduction in UTS of hot-stamped 22MnB5 [53]. Besides
meticulous control in the hot stamping process, microalloying is a
primary method to mitigate hydrogen embrittlement. Improve-
ments are achieved by adding elements such as Nb, Ti [54], V [55],
Mo and Ta [56]. These additions increase the strength and impact
energy through parent austenite grain refinement and reduce the
risk of delayed fracture by trapping hydrogen [57]. Microalloyed
hot-stamping steels have been commercialised; for example,
PHS1500 IB, a Nb þ V microalloyed hot-stamping steel developed
by automobile company General Motors and Brazilian niobium
provider CBMM, offers a better balance of strength and bendability
compared to conventional 22MnB5, and has improved resistance to
hydrogen embrittlement [58].

Coating is another important focus in the study of hot-stamping
materials. Prolonged exposure to high-temperature atmospheres
can lead to oxidation and decarburisation on the surface of the hot-
stamped boron steel [59,60]. The scale that forms on the surface of
the steel can also impair the heat transfer between the die and the
blank, reducing productivity, as well as causing severer wear on the
tools [61]. In addition, hot-stamping steels are also under the risk of
corrosion in service like other automotive steels. Coatings are
generally employed to solve these problems. Al-based coatings and
Zn-based coatings are the two major categories applied although
other types of coatings, such as varnish coatings, are also adopted in
the hot stamping steels [8].

AleSi coating, one of the most common coatings, has been used
in BiW components for over 20 years due to barrier protection
provided by the surface Al2O3 layer. Themicrostructure of the AleSi
coating consists of eutectic AleSi along with a continuous layer of
AleFeeSi intermetallic compounds. This alloy layer serves as a
barrier to corrosion and formation of scale [62]. The formability of
the AleSi coating is inferior to that of the substrate and at lower
temperatures, cracks tend to form in the AleSi layer [63]. As a
result, it is unsuitable for both cold forming and indirect hot
forming.

Hot dip pure Zn coatings, or galvanised (GI) coatings, are also
widely used on steel sheets. Compared to Al-based coating, Zn-
based coatings offer better corrosion resistance due to the addi-
tional cathodic protection they provide. Zn-based coatings also
have better formability and resistance to fracture at low tempera-
ture, and much lower abrasive tool wear [64]. However, Zn-based
coatings are susceptible to liquid-metal-induced embrittlement
(LMIE) at high temperatures and certain stress levels, limiting their
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use in hot stamping [65,66]. To avoid LMIE, an indirect hot
stamping process has been developed to separate the deformation
and heating processes to avoid embrittlement. Another solution is
to use galvannealed (GA) coating, a type of Zn coating that un-
dergoes additional heat treatment to form a ZneFe alloy layer on
the surface of the substrate. Also known as ZneFe coating, GA
coating has higher melting point than pure Zn, allowing for a
broader processing window without triggering LMIE. However, GA
coating has its limitations, such as the formation of ZnO during hot
stamping, which can reduce weldability [67]. Table 2 presents a
comparison of the major types of coatings for hot-stamping steels.
It was estimated in 2017 that 76 % of the hot stamping steel in EU
and Turkey were AleSi coated, 18 % were uncoated, and only 6 %
were Zn coated [68].

Due to the above various issues, researchers seek to develop
coating-free steels with strong oxidation resistance. For example,
collaborating with General Motors, Lu et al. [69] developed a
coating-free steel with Cr and Si additions, which allow for greater
hardenability and a stable oxide layer in the furnace for protection
against oxidation and decarburisation. Known as coating-free
press-hardening steel (CF-PHS), this type of steel can achieve a
UTS of 1722 MPa and an elongation of 5.1 % [70]. Besides no coating
cost, one of the major advantages of coating-free steels is that they
can be laser-welded without the need for laser ablation or filler
metal, and thus, reducing the cost and time associated with the
joining process. Along with the aforementioned 1.7 GPa steel,
another 1.2 GPa CF-PHS was also developed and a lab-scale tailor-
welded door ring combining these two CF-PHSs was successfully
produced by hot stamping and laser welding [71]. General Motors
has successfully produced the coating-free steel by conventional
processes and industrial applications are expected [69].

3.2.2. Developments in processes
Heating, forming, and quenching are the core procedures of a

typical hot stamping cycle. After a workpiece is hot stamped, it
undergoes post-processing such as trimming and punching, and
sometimes welding to produce a finished component. Therefore,
any development in these areas will benefit the hot stamping
process.

During hot stamping, it is crucial to precisely control the aus-
tenitisation temperature and soaking time to achieve the desired
properties, given their impact on the extent of austenitisation.
Moreover, the mechanical properties and fracture behaviours of
boron steels are influenced by the prior austenite grain size (PAGS),
which is again determined by austenitising temperature and
soaking time [20]. Therefore, an efficient heating system is of great
significance. The roller hearth furnace is the most commonly used
heating device for hot stamping, offering good flexibility and stable
performance. It not only provides a homogeneous temperature but



Table 2
Comparison of main types of coatings for hot-stamping steels.

Type of coatings Advantages Disadvantages

Uncoated � Low cost � Oxidation
� Decarburisation
� No corrosion protection

AleSi � Oxidation protection
� Barrier corrosion protection

� Not suitable for indirect hot stamping
� No cathodic protection
� Hard to be laser-welded

Zn (GI) � Both barrier and cathodic corrosion protection
� Compatible to conventional galvanising line in automotive industry
� Applicable to indirect hot stamping

� Susceptible to LMIE
� Narrow processing window in direct hot stamping

Zn (GA) � Both barrier and cathodic corrosion protection
� Applicable to indirect hot stamping
� Less susceptible to LMIE than GI

� Formation of ZnO during hot stamping

Fig. 12. Schematic of temperature profile of HS-Q&P stamping process and associated
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can also be designed for tailored heating [72]. One drawback of the
roller hearth furnace is that it must be long enough to complete the
austenitisation process while conveying the workpieces. To address
this issue, double-decker or multi-layer furnaces have been
developed to reduce the space required for the furnace [73].

Another concern is that it takes 2e5 min to heat the blanks (i.e.
low heating rates) to the hot forming temperature using roller
hearth furnaces [73]. Therefore, many researchers and developers
are exploring the potential of using conduction or induction heat-
ing for hot stamping. In addition to enhanced productivity, hot-
stamped boron steel using conduction heating has shown smaller
martensitic grain size alongwith improved strength and elongation
[74]. However, unless special measures such as using unequal ra-
diation shields are taken, conduction heating usually results in
inhomogeneous temperature distribution [75]. If the shape of the
blank is irregular, it is even harder to precisely control the tem-
perature uniformity [76]. Induction heating is efficient due to the
high power density it generates, and the induction-heated
component was reported to have good performance in terms of
microstructure and mechanical properties. However, maintaining a
homogenous and constant temperature during heating is also
challenging. Another drawback of induction heating is that the size
of the blank is constrained by the shape of the induction coil [74].
Due to these limitations, furnace heating is still the most frequently
used heating method in mass production.

The forming process is the core of a hot stamping line.
Conventionally, parts are hot-formed using hydraulic press ma-
chines, but mechanical servo presses have also been introduced to
reduce the energy and increase flexibility [77,78]. Other in-
novations focus on enhancing the productivity of the line. For
example, Ges-Multistep, a hot stamping method proposed by the
major hot stamping developer Gestamp, is a patented multi-step
hot stamping technology designed for Zn-coated steels. The steel
used in this method is a modified boron steel with elevated Mn
content, allowing it to be formed at a lower temperature for further
improving productivity [79]. During the forming process, the parts
are transferred through a series of pressing stations consecutively,
undergoing gradual cooling. This successive fashion allows for
precise control over the geometry of the parts, resulting in better
performance [80]. By integrating the transferring process and the
forming process, this technology proves efficient for mass pro-
duction and has been in use for producing BiW parts since 2019.
Gestamp has also developed tempering methods for the Multistep
process to achieve tailored properties. Alternatively, Balint et al.
[81], Ota et al. [82] and Ganapathy et al. [83] have introduced an
innovative forming method in which austenitised steel blanks are
rapidly pre-cooled to a temperature slightly above the martensite
start temperature (Ms) prior to stamping. This approach enhances
productivity by reducing the cooling cycle duration and mitigating
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die wear through lower die temperatures, particularly during mass
production.

Novel heat treatmentmethods have been introduced to improve
the ductility and toughness of hot-stamped steels while main-
taining their high strength. Among them, quenching and parti-
tioning (Q&P) process stands out. Liu et al. [84] integrated the Q&P
process into the hot stamping process for a slightly modified
22MnB5 which has higher contents of Mn (1.58 %) to enhance
austenite stability and Si (0.81 %) to prevent carbide precipitation.
The temperature profile of the Q&P-integrated hot stamping pro-
cess and the microstructural change in the process are demon-
strated in Fig. 12. The so-called HS-Q&P process has been proven
feasible for the boron steel, with elongation significantly increasing
to 14.8 % compared with 6.6 % for unpartitioned samples, though
the UTS slightly dropped by 30e120 MPa and the yield strength
decreased by 130e200 MPa. The microstructure of this modified
steel after Q&P consists of lath martensite and RA [85]. In a recent
study, a further modified HS-Q&P steel with even higher contents
of Mn (2.32 %) and Si (1.63 %) achieved a yield strength of 1350MPa
and elongation of 14.24 % [86]. Despite its potential, thewidespread
commercialisation of HS-Q&P is constrained by challenges of
executing an isothermal partitioning process in an industrial
environment, and further research and development are required.

Blanking and trimming are integral part of the complete hot-
stamping process. They are challenging because the hot-stamped
steel exhibits a fully martensitic microstructure and has high
hardness. During blanking and trimming, wear or failure of tools
can occur, increasing the overall cost. To solve this problem, warm
cutting and hot semi-cutting [89e91] as well as laser cutting [92]
have been proposed. While laser cutting eliminates mechanical
wear, its cycle time is much longer and thus the overall cost is
increased. In fact, in a typical hot stamping production line of Al-
coated 22MnB5, the cost of laser trimming attribute to 20 % of
microstructural changes (based on [85,87,88]).
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the total costs, which is only behind the material cost and is twice
the cost of the hot stamping process itself [93]. In contrast, in the
warm cutting process, the cycle time is reduced by integrating
cutting and forming in one step. However, the die for warm cutting
can be hard to design for the purpose of convenient removal of the
scraps, and sometimes an extra laser cutting process is performed
to remove the scraps. Hot semi-cutting is developed to overcome
this problem [94]. Instead of completely cutting off the scraps, the
hot semi-cutting only reduces the thickness at the trim lines during
forming and the scraps are then removed by an extra mechanical
cold cutting in which the cutting force has been largely reduced
compared with a complete cold cutting. Hot semi-cutting is sen-
sitive to tool clearance and temperature [95,96].

Assembling the hot-stamped parts with other components
presents another major issue in applying hot stamping to car
bodies. Welding is the most important method for joining com-
ponents in the automotive industry. Among all welding methods,
resistance spot welding (RSW) and laser beam welding are two
primary techniques for the mass production of automobiles due to
their high efficiency, flexibility and capability of automation. The
RSWweldability of the hot stamped steels with different coatings is
mainly affected by electrical resistance [97]. Compared with un-
coated steels, AleSi coating can improve the weldability of resis-
tance spot welding by producing larger nugget [98]. The suitable
welding current range of AleSi coated 22MnB5 is wider than that of
Zn-coated hot stamped steels.

Laser beamwelding is also used to produce tailor-welded blanks
(TWB). However, the existence of AleSi coating layer reduces the
mechanical properties of the welded joints due to the formation of
FeeAl intermetallic phases and the increased fraction of ferrite
caused by high Al content [99,100]. To solve this problem, an
approach known as laser ablation was developed by ArcelorMittal,
and it has been successfully applied to produce the hot-stamped
door ring in 2014 Acura MDX and 2019 RDX [101,102]. In addition
to laser ablation, Lin et al. [103] found that a simple de-coating
process using a snap-off blade knife before laser welding and hot
stamping can also produce welded joints with higher strength and
ductility by eliminating d-ferrite formed due to high Al content.
Other measures, such as inserting Ni interlayer [104], in-situ abla-
tion by introducing a colloidal graphite coating [105], in-situ
alloying by electro-spark depositing [106], and defocusing the
laser beam [107], have been proposed to improve the mechanical
properties of the laser welded joints. GA-coated steel has a good
laser weldability, but the process window is narrow due to multiple
targets of avoiding liquid-metal-induced embrittlement and
oxidation [67]. Gestamp is applying Zn-coated boron steels in its
Ges-Multistep procedure to produce TWB door rings and it is re-
ported that no ablation is needed before laser welding [79,108].

3.2.3. Developments in tools
During hot stamping, steel blanks are usually formed in a die to

achieve a fully martensitic microstructure. Generally, the cooling
system is integrated into the tool through cooling channels. The key
parameters for the cooling system are the temperature homoge-
neity in the blank and the required cooling rate it can provide.
According to a study in 2013, the cooling time typically accounts for
30 % of the overall hot stamping process cycle time, making it the
most time-consuming stage in the hot stamping cycle [109].
Therefore, many studies have been carried out on optimising the
cooling channel designs to achieve higher cooling rates and save
the energy. Hoffmann et al. [110] proposed a methodology using
Evolutionary Algorithm coupled with thermal-mechanical analysis
to optimise the design of cooling channels. In order to better
describe the temperature distribution in the cooling ducts, Lin et al.
[111] introduced a thermal-fluid-mechanical coupled approach
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based on MpCCI, a software developed by Fraunhofer Institute that
is capable of coupling the results of thermal-mechanical analysis by
Abaqus with thermal-fluid analysis by Fluent. Shape factor models
[112], energy balance models [113] and multi-objective swarm
optimisation algorithm with Monte Carlo simulation [114] have
also been proposed to optimise the design of the cooling system.
According to the simulated results of these models, it has been
found that reducing the diameter and increasing the number of
cooling ducts are beneficial for cooling performance. The relative
positions of the channels to the surface of the tool are also key
parameters [115].

The complexity of cooling system design poses challenges for
tool manufacturing. A conformal cooling channel design can reduce
cooling time by 28 % compared to traditional designs [115], and
further simulation has shown the potential to cut cooling time by
55 % [116]. However, manufacturing such a system using conven-
tional drilling or casting methods can be difficult or expensive.
Among all manufacturing methods, additive manufacturing
emerges as a promising solution for producing dies with conformal
cooling channels [117]. Moreover, with the aid of additive
manufacturing, lattice structures can be introduced to enhance the
cooling performance of the tools [118].

Die wear is another major issue during the forming process.
Recently, intensive studies have been conducted on the tribological
behaviours of hot stamping materials, and various methods and
equipment have been proposed to measure the friction coefficient
at high temperatures. Yanagida and Azushima [119] studied the
friction between the die and the blank using a specially designed
simulation testing machine. They found that lubricant had a
considerable effect in reducing die wear during hot stamping. For
AleSi coated blanks, factors like temperature, contact pressure and
the morphology of the coating also influence the tribological
behaviour [120e122]. Effective lubrication at high temperatures is
crucial for the hot stamping process. To reduce the friction between
the tool and the sheet metal, Torres et al. [123] introduced self-
lubricating coatings, which are prepared by laser cladding on the
surface of material. Various methods and instrument have been
proposed for measuring friction and selecting proper lubricants. In
a recent study, a digitally enhanced lubrication evaluation system
was established [124], demonstrating the promising future of more
data-centric methods in the industry.

3.3. Summary

Awide range of perspectives of hot stamping have been studied
and major breakthroughs have been made in recent years. Evolving
from a lab-scale technique to a mass-production method, hot
stamping has gradually become a primary lightweight solution for
manufacturing safety-critical components in the body-in-white. As
the major challenges in the commercialisation of the technology
have been addressed to a certain extent, researchers are now
interested in more refined and practical topics such as saving en-
ergy, reducing costs, enhancing productivity, and improving the
overall performance of the final components. This includes
advanced developments in material design, process equipment and
tooling techniques as reviewed above. However, a significant
amount of work remains to be done in the following fields.

1) Tailored designs: Tailor-Welded Blanks (TWB) and Tailor-Rolled
Blanks (TRB) technologies have been applied in automotive in-
dustry. However, theses tailored blank technologies increase
production costs [125]. Alternative approaches such as tailored
heating and tailored tool tempering have been proposed to
achieve locally varying properties [125]. Although these
methods have been reported to successfully produce graded
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materials, their ability to optimise the performance of hot-
stamped components has not been fully exploited.

2) Cost reduction and productivity enhancement: Despite its
increasing applications, the hot stamping process is still not a
default option for economy cars because of its relatively high
cost and long cycle time compared to cold stamping. From
blanking to post-processing, and from materials to equipment,
the hot stamping process can be further optimised to meet the
growing demands for lightweighting. There are still a lot of
works to do with regard to aspects such as heating, cooling and
cutting devices and methods.

3) Advanced characterisation and testing methods: Testing the
microstructural evolution, mechanical properties, forming limit,
tribological behaviours and corrosive properties of the material
under hot stamping condition is more complex than in standard
situations. Physical simulators, such as Gleeble system, are used
by researchers [126,127], and specially designed methods need
to be developed to facilitate the measurement process.

4) Modelling and simulation: Hot stamping is a dynamic process
involving high temperatures, high strain rates, and complex
microstructural changes. Computer-aided simulation and
modelling have been extensively used to predict and analyse
behaviours such as plastic flow, damage, hydrogen diffusion,
and heat transfer in materials during hot stamping. Recently,
more studies have adopted machine learning [128] and cloud-
based finite element analysis (FEA) approaches [129] to pre-
dict these behaviours.
4. Beyond boron steel: expand hot stamping to more
materials

As the material use in passenger cars continues to evolve, the
application of hot stamping is likely to broaden if it can be effec-
tively applied across a variety of materials in addition to boron
steels. Due to the high cost of lightweight materials like high-
strength aluminium alloys, current material usage in BiWs of pas-
senger cars is still largely confined to steels. As the net-zero emis-
sion targets are becoming stricter, the current measures of
lightweighting combined with improving technologies of internal
combustion engines will not be sufficient anymore. Recent de-
velopments of BEVs have further amplified the need for enhanced
lightweighting approaches [130]. Table 3 presents a comparison of
current and prospective material use in key vehicle components,
sourced from a 2019 study by Centre for Automotive Research
(CAR) [131]. According to its projection, hot-stamping steels exhibit
considerable potential for applications in roof structures, rockers,
and bumper structures. However, it is important to note that hot-
stamping steels are not the sole solution to all the lightweighting
challenges. Along with them, third generation advanced high-
strength steels (Gen-3) and high-strength Al alloys are also
emerging as promising materials for future lightweighting
Table 3
Current and future material use for key vehicle components.

Component Current

B-pillar DP, hot-stamping steel
Bumper structure DP, hot-stamping steel
Closures Mild steel, BH, 6xxx Al
Front crash structure BH, HSLA
Rockers HSLA
Roof header HSLA
Roof rails DP, hot-stamping steel

*Note: DP - Dual-phase steel, BH - bake-hardening steel, HSLA - high-stren
steel, CFRPs - carbon fibre reinforced polymer composite.

337
purposes. Hence, the future potentials for extending the current hot
stamping process to a wider range of materials will be discussed.

A major future trend is the diversification of lightweight mate-
rials in BiW components. The CAR study suggests that usage of mild
and high-strength steels will decline, supplanted by ultra-high-
strength steels and high-strength aluminium alloys [131]. The
projection, demonstrated in Fig. 13a, shows that aluminium alloys
would make up 26 % of future BiW components in 2040. This
projection assumes that aluminium cost in 2035 would still be 80 %
higher than UHSS. Yet, if cost-effective production technologies
emerge, especially for high-strength aluminium, its usage could
surge. One promising hot stamping technology to manufacture
high-strength aluminium is Hot Form Quench (HFQ®) [132], which
will be discussed in Section 4.1.

Another emerging trend is the application of different steel
grades. According to CAR's projection [131], the future share of
Gen-3 such as Q&P steels and MMn steels (Fig. 13b) will gradually
increase at the expense of lower strength steels. The advent of MMn
steels offers prospects for further processing cost reduction and
enhanced ductility of components, which is a promising material to
replace conventional boron steels. With appropriate modifications,
hot stamping technologies hold the potential for application in
MMn steels, with further details provided in Section 4.2.
4.1. High-strength aluminium alloys and HFQ

Compared tomild steels, high-strength Al alloys canmeet safety
standard while achieving a significant 40e60 % weight reduction
[133]. Therefore, substituting steel with Al alloys is a promising
strategy for reducing weight. In fact, the Al usage in the automotive
industry has been growing consecutively for years. In the North
America market, the Al usage per vehicle increased from 154 kg in
2010 to 208 kg in 2020, and is expected to reach 258 kg in 2030,
mainly because of its increasing use in BiW, closures, chassis [134].
The growing prevalence of BEVs is likely to offer even greater op-
portunities for Al alloys. However, the usage of Al alloys is restricted
by their high processing costs and limited capability to be
processed.

The rise of BEVs has led to increased use of Al die-cast parts,
notably with Tesla's introduction of the so-called Giga Press high-
pressure die casting for the rear body piece in its Model Y. In
2020, Al castings account for more than 65 % of the total Al parts in
the cars [134]; sheet formed parts, on the other hand, share 23.3 %
of the total Al usage, but is expected to be a main driving force for
the growth of Al [135]. The weight of sheet formed Al parts per
vehicle is projected to increase about 24 % from 2020 to 2026.
However, currently sheet formed Al are mainly used for bonnets
which have simple shape to stamp at room temperature [133]. Al
alloys, especially high-strength Al alloys such as 6xx and 7xx series,
are rarely cold stamped and used in safety-critical parts (e.g. B-
pillars) and parts with complex geometries (e.g. panels), due to
Future

Hot-stamping steel, Gen-3, CFRPs
Hot-stamping steel, Gen-3, 6xxx/7xxx Al
6xxx Al, Mg, polymer composite
High-strength steels, 6xxx/7xxx Al
Hot-stamping steel, Gen-3
Hot-stamping steel, Gen-3
Hot-stamping steel, Gen-3, CFRPs

gth low-alloy steel, Gen-3 - third generation advanced high-strength



Fig. 13. Evolution of material percentage of average vehicle structure (BiW and closures) by curb weight per vehicle, AHSS for 1st and 2nd generation AHSS, Gen-3 for 3rd gen-
eration AHSS, data from Ref. [131]. (a) Usage of materials (b) Usage of steels.

Fig. 14. Schematic of a typical HFQ® process for AA6082 (Based on [137,138]).

Fig. 15. Potential applications of HFQ, different colours distinguish individual parts,
modified from Ref. [147].
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their low formability at the room temperature and springback after
forming [11].

However, the recently developed HFQ® technology appears to
overcome the above drawbacks for the wider application of high-
strength Al alloys. The HFQ® process is illustrated in Fig. 14 using
AA6082 as an example. In the process, the Al blank is heated, so-
lution heat treated (SHT) and then formed at an elevated temper-
ature which significantly improves the formability of the Al sheet.
Subsequently, the formed part undergoes in-die quenching to
obtain super saturated solid solution (SSSS) at room temperature,
which can be artificially aged to achieve an enhanced strength due
to precipitation hardening. The HFQ® process takes advantage of
the fact that Al alloys become dramatically softer and ductile at
elevated temperatures. For example, the yield strength of a 7075-T4
Al sheet decreases from 396.8 MPa at room temperature to
78.7 MPa at 440 �C. Simultaneously, its total elongation increases
from 15 % at room temperature to 26.1 % at 440 �C [136]. The
enhanced ductility and decreased strength enable high-strength Al
alloys to be formed to a complex shape at a high temperature with
smaller force.

The HFQ® process is able to produce complex components from
high-strength Al alloys with remarkably reduced springback [139].
Typically, this method can be applied to Al alloys that can be
precipitation-hardened, such as 6xx and 7xx. Moreover, it can also
find utility in other Al alloys such as 5xx [140], and even in Mg
alloys [141]. A life-cycle analysis showed that the adoption of HFQ®
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could bring a net positive benefit to the environment [142]. Fig. 15
demonstrates the potential applications of HFQ® technology in the
car body. Up until now, the HFQ® technology has been successfully
applied in high-end cars, including parts for luxury carmaker Aston
Martin, such as door inner panels, side wall panels and A-pillars
[143]. HFQ® technology also finds its potential application in the
battery trays for BEVs. This novel technology eliminates the need to
weld multiple parts together to create a single, complex compo-
nent. However, the wider applications of the HFQ® process is still
hindered by its high cost, primarily stemming from the expense of
raw Almaterial itself [144]. Apart from the high cost of thematerial,
another bottleneck of the HFQ® process is the long cycle time
required to produce high-strength components. Conventionally,
the Al sheets are heated in a furnace to undergo SHT. However, the
heating rate of the SHT furnace is slow, not only resulting in higher
production cost, but also leading to insufficient heat treatment to
achieve the desired strength. Another significant factor reducing
the productivity of HFQ® is the extended duration of artificial ag-
ing. Efforts have beenmade recently to enhance the productivity by
optimising the SHT and ageing conditions [145] or introducing
novel heating methods [146].

The study of HFQ® is still ongoing and a broad range of research
topics are being explored. While the effects of primary parameters



Fig. 16. Comparison between mechanical properties of various types of industrially
manufactured steel grades, modified from Ref. [10]. 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: trans-
formation induced plasticity steels; DP-CP: dual phase and complex phase steels;
MART: martensitic steels; Hot-stamped: hot-stamping steels; Q&P: quenching and
partitioning steels; MMnS: medium-Mn steels; AUST. SS: austenitic stainless steel; L-
IP: Light steels with induced plasticity; TWIP: Twinning-induced plasticity steels.

Fig. 17. Comparison of conventional hot stamping and low-temperature hot stamping
technique [10].
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and underlying mechanisms have been comprehensively under-
stood, there are still many detailed technical aspects that warrant
in-depth exploration. Recent efforts have been concentrated on
various aspects including process optimisation [148], material
characterisation [149], thermal behaviours [150], formability
testing [151], coating and lubricants [152], welding [153,154], and
modelling [155], among others.

4.2. Medium-Mn steels and low-temperature hot stamping

With the growing need for lightweight solutions in car
manufacturing, third generation AHSS have been introduced. Fig.16
shows different grades of steels in the space of strength and elon-
gation. Based on Fig. 16, 3rd Gen AHSS design not only adheres to
the rigorous demands of the automotive sector, such as exceptional
Table 4
Tensile properties of some low-temperature hot stamped MMn steels.

Ref. Chemical composition (wt%) Initial state A

[9] 0.14C, 5Mn Cold-rolled-annealed 85
[160] 0.14C, 5Mn Cold-rolled-annealed 80
[161] 0.1C, 8Mn Cold-rolled 78

339
mechanical characteristics (encompassing both strength and
ductility) at a reduced gauge while upholding superior safety
standards compared to first generation AHSS. Moreover, they
sidestep the high expenses tied to incorporating substantial vol-
umes of alloying components, and the related issues like the
diminished weldability seen in second generation AHSS [156]. One
notable type among these steels is MMn steels, characterised by
compositions of roughly 3e12 wt%Mn, 0.05e0.6 wt% C, 0e3 wt% Si,
and 0e6 wt% Al [157e159].

Recently, MMn steels have garnered significant attention in
research circles, especially regarding their feasibility for hot
stamping, as depicted in Fig. 17. A notable benefit of employing
these steels, illustrated in Fig. 17, is that their Ae1 and Ae3 values are
roughly 100e200 �C lower than those of traditional hot-stamping
boron steels, attributable to the alloying constituents (namely C
and Mn). The reduced heating and subsequent forming tempera-
tures in hot stamping can be readily harnessed in MMn steels,
paving the way for enhanced cost-saving, productivity and
throughput, while preserving the stellar strengths derived from
thorough austenitisation and martensitic transformation. Further-
more, the inherent hardenability and superior end mechanical
characteristics of MMn steels underscore their appeal. The term
“hot stamping” is typically associated with scenarios involving a
total transformation to austenite during the heating phase, facili-
tating the emergence of an entirely martensitic grain structure
upon adequate quick cooling post-forming. Consequently, the
concept of “low-temperature hot stamping” (LTHS) has been
introduced to describe the hot stamping techniques in MMn steels
where the material achieves full austenitisation, albeit executed at
temperatures lesser than those typical for conventional hot
stamping of boron steels [9,10].

Table 4 showcases various process conditions and the resulting
mechanical properties of low-temperature hot stamped MMn
steels with varied chemical compositions. Chang et al. [9] delved
into the application of LTHS on cold-rolled-annealed MMn (5Mn)
steels. Their findings indicate that, after undergoing austenitisa-
tion at approximately 850 �C, soaking for 5 min, and quenching at
a rate exceeding 10 �C s�1, the material exhibited commendable
mechanical properties. Specifically, the 0.2 % offset yield stress
(YS) registered near 1220 MPa, the UTS was close to 1418 MPa,
and a total elongation (TE) of 11.8 % was observed. Such conditions
are compatible with conventional hot stamping production
setups. In a separate study, Wang et al. [160] proposed that an
austenitising temperature of 800 �C suffices for the thorough
austenitisation of 5Mn steel, while yielding minimal oxidation and
decarburisation. The steel processed at this low temperature
exhibited a refined grain structure and achieved a UTS of
1500 MPa alongside a TE of 11 %. Meanwhile, Tong et al. [161]
probed the influence of thermal treatments on the phase evolu-
tion of low-temperature hot-stamped MMn steel, asserting that
comprehensive austenitisation necessitates heating between 740
and 800 �C and isothermal retention for 1e2 min, thereby offering
economic and efficiency benefits. Nonetheless, the realm of MMn
steel hot stamping remains relatively unexplored, signifying
considerable gaps in foundational knowledge pertinent to this
technological advancement.
ustenitisation condition YS (MPa) UTS (MPa) TE (%)

0 �C, 5 min 1220 1418 11.8
0 �C, 5 min 1050 1520 10e11.3
0 �C, 1 min 1300 1750 9.3
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5. Conclusions

From the review and data analysis focusing on the de-
velopments and applications of hot stamping, an overall depiction
of hot stamping technology has been presented in this paper. With
regard to the current status and future trends of the development of
hot stamping, several conclusions are drawn:

� The time-series analysis underscores a notable surge in hot
stamping's industrial use, chiefly driven by the quest for light-
weighting. While academic focus seems to have plateaued
recently due to the comprehensive understanding of funda-
mental mechanisms, the innovation and application in industry
show a continuous growth.

� The geographical and categorical analysis of contributors to hot
stamping reveals a fully-fledged global industrial chain. China's
dual role as both a burgeoningmarket and a development leader
in hot stamping technology is unprecedented. This suggests a
geographical shift in the epicentre of hot stamping innovation,
with implications for global market strategies and research
collaborations.

� A closer look at the topics covered in recent literature indicates a
strategic pivot towards the downstream segment of the in-
dustry. This moving away from foundational methodological
changes towards refinement in specific applications points to an
industry striving for incremental innovation and process opti-
misation, rather than broad, sweeping technological overhauls.

� Although there have been improvements in material design,
process equipment, and tooling techniques aimed at cost
reduction, enhanced productivity, and customised design solu-
tions, research in these areas remains either limited or inade-
quately developed for broad application across the industry.
This gap suggests a crucial opportunity for further in-depth
studies to bridge the division between current capabilities and
their full industrial potential.

� The potential application of hot stamping in materials like high-
strength aluminium alloys and medium-Mn steels, particularly
in passenger vehicles, opens new avenues. The growing aca-
demic interest juxtaposed with the lag in commercialisation
indicates a gap that could be a hotspot for innovation and
market expansion.
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