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ABSTRACT: As an important lightweight material, press-hardened steels (PHS) are now widely used in the car body-in-white.
However, severe oxidation of conventional Mn—B bare sheets not only damages production molds, but also prevents subsequent
welding and painting, leading to a significant increase in production costs. The aim of this review is to systematically summarize
the current solutions to overcome the problem of high-temperature oxidation of conventional Mn—B PHS and to highlight future
directions for improvement. The review begins with a brief background on PHS, followed by a detailed description of measures to
improve the oxidation resistance of conventional Mn—B PHS and the development of novel PHS with superior oxidation resistance.
The oxidation resistance solutions for conventional Mn—B PHS mainly include the use of coatings and pre-deposited films. In
contrast, the oxidation resistant PHS mainly includes the use of the oxidation resistant elements Cr, Si, Al or rare earth elements to
improve the steel’s own high-temperature oxidation resistance.
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1. Introduction

With the significant growth in commercial vehicles, CO, from transportation is the second largest source of
emissions after electricity generation, and approximately 90% of these transportation emissions come from automobiles
[1]. This has made energy conservation and emission reduction a key goal for the automotive industry. Lightweighting
is currently one of the most direct and effective ways to save energy and reduce emissions. Some researchers have
shown that there is a linear relationship between vehicle weight and fuel consumption [2]. Taking passenger cars as an
example, if the weight of a vehicle is reduced by 10%, the fuel consumption and emissions of the car will be reduced
by 6% [3,4]. To comply with increasingly stringent carbon emission regulations and crashworthiness standards [5,6],
efforts are being made to reduce vehicle weight without compromising passenger safety. Therefore, the pursuit of strong
yet lightweight materials remains a pivotal research focus within the automotive industry. The low density and resultant
lightweighting of magnesium and aluminum alloys, when compared to steel, render them highly attractive for weight
reduction purposes. Specifically, materials such as AZ31 magnesium alloy and the 6xxxx series have been partially
incorporated into the car body-in-white (BIW) [7,8]. Nevertheless, their widespread adoption has been hindered by
factors such as poor formability, manufacturing challenges, elevated costs, and reduced strength. Consequently, the
current automotive lightweighting strategy primarily relies on the development and deployment of advanced high-
strength steels (AHSS). The proportion of AHSS utilized in the BIW serves as a key metric for evaluating automotive
lightweighting efforts [1]. The advancement and deployment of high-performance AHSS are crucial for the sustainable
growth of the automotive industry.

Press-hardened steels (PHS) have received widespread attention as an important category of AHSS. As shown in
Figure 1a, PHS is widely used in critical components such as A—pillars, -pillars, bumper beams, door beams, front rails,
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side-cross members and tunnels to achieve lightweighting while improving the overall crashworthiness of vehicles.
Studies have shown that PHS exhibits superior anti-intrusive crash performance compared to other automotive steels,
both at low and high strain rates [9]. Over the past two decades, hot-stamped parts have undergone rapid development,
although they were first used in mass-produced passenger cars as early as mid-1980s [10]. The global demand for hot-
stamped parts increased from 27.6 million in 2000 to 127.3 million in 2010 and continues to grow to a forecast value
of 586.2 million in 2018 (Figure 1b) [10]. According to related reports, global demand for PHS will reach around 6
million tons in 2023, up from 3 million tons in 2018 [11]. At the same time, the mass proportion of PHS in BIW has
increased significantly from 19% in 2005 to 38% in 2016 [10,12], as shown in Figure 1c. Furthermore, PHS is currently
“the leader in automotive lightweighting” due to their impressive strength in the classical strength and total elongation
diagram (Figure 1d) [13]. In terms of tensile strength, the grades of first-generation AHSS are ranked by tensile strength
and, in rough order from low to high, are interstitial-free (IF) steels, mild steels, bake-hardening (BH) steels, carbon-
manganese (C—Mn) steels, high-strength low-alloy (HSLA) steels, transformation-induced plasticity (TRIP) steels,
dual-phase (DP) and complex-phase (CP) steels, martensitic (MART) steels, and PHS. Notably, PHS also exceeds the
strength of second- and third-generation AHSS, including twinning-induced plasticity (TWIP) steels and quench-and-
partition (Q&P) steels, respectively [14]. In addition, PHS can reach strengths ranging from 1500 MPa to more than
2000 MPa, which has a wider application in BIW components in the automotive industry.
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Figure 1. Status of PHSs for industrial applications: (a) Application of hot-stamped parts on a BIW 10, (b) Demand for hot-stamped
parts in the global automotive industry (adapted from [13]), (¢) the mass proportion of PHS for the automotive industry (re-created
after [10,12]), and (d) A comparison of the strength and elongation properties of various advanced high strength steels (adapted
from [13]).

Thin, high-strength steels pose a considerable challenge for conventional cold-forming processes, owing to the
increased susceptibility of body parts to cracking and excessive spring-back during the forming stage. This, in turn, has
an adverse impact on body assembly. Specifically, when the tensile strength surpasses 1.2 GPa, it becomes increasingly
difficult to produce body parts with intricate structures and shapes via cold forming, thereby limiting the application of
higher strength steels [15]. However, hot stamping, alternatively termed press-hardening, offers a viable solution to
these challenges. This advanced forming technique is an integrated process that combines thermomechanical forming
and heat treatment, ensuring high dimensional accuracy of the components while imparting ultrahigh strength.
Additionally, it boasts numerous advantages, such as high forming rates and extended die life [16]. Prior to the hot
stamping process, the sheets are heated to 900-950 °C and held for a duration of 3—10 min to achieve complete
austenitization. Subsequently, the steel sheets are swiftly transferred by a robotic arm to a die equipped with a cooling
system, where they undergo hot deformation and quenching to complete the austenite-to-martensite transformation
[17,18]. Due to the practical difficulties associated with conducting real hot stamping experiments under laboratory
settings, laboratory investigations of most PHS typically simulate the hot stamping process through direct
austenitization and flat die quenching, as depicted in Figure 2a [19]. As a consequence of the hot forming procedures,
high-temperature oxidation of the steel plate is inevitable. Despite the utilization of inert gases (Ar/N; and sometimes
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NHj3) to safeguard the steel plate during the austenitizing stage, oxygen infiltration from the external atmosphere remains
unavoidable. From Figure 2b, it can be seen that a thick and easily peelable oxide layer formed on the surface of the
Mn-B bare sheet (e.g., 22MnBS5) after hot stamping, indicating that severe high-temperature oxidation inevitably
occurred during hot stamping [20-23]. As a result, the oxide scale detaches during the stamping process, damaging the
die and reducing its service life. This not only increases production costs but also reduces shape accuracy and may even
cause part deformation [24-28]. In addition, due to the highly oxidized nature of the 22MnB5 sheet, its hot stamped
parts must be shot peened before entering the automotive assembly plant for subsequent welding and painting processes,
which further elevates production costs. Initially, 22MnB5 PHS are carbon (C-) and manganese (Mn-) alloyed steels
with small amounts of boron (B—) added for hardenability [10,29,30]. For example, a typical commercial 22MnB5 grade
has a basic chemical composition of 0.19~0.25 wt.% C, 1.1~1.4 wt.% Mn, 0.001~0.005 wt.% B, and contents of
chromium (Cr) and silicon (Si) are usually less than 0.5 wt.% [10,31]. It is evident that the 22MnBS5 steel was not
developed with the specific intention of resisting high-temperature oxidation. Consequently, the formation of an oxide
scale and surface decarburization during the hot stamping process is an unavoidable consequence. The heat treatment
temperature of DP is below the austenitizing temperature (Acs), whereas the austenitizing temperature of PHS is above
Acs, so the degree of oxidation of DP steels is relatively low compared to that of PHS. The heat treatment temperature
of transformation-induced plasticity (TRIP) is also higher than the austenitizing temperature and the oxidation resistance
challenge is similar to that of PHS. However, the continuous annealing time is much shorter than the one for press
hardening. The many challenges posed by the severe oxidation of PHS during hot stamping make it particularly
important that they have some oxidation resistance.
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Figure 2. (a) Schematic diagram of the hot stamping under laboratory conditions (re-created after [18]), and (b) Surface morphology
of 22MnBS5 bare plate after heat treatment at different temperatures [23].



High-Temperature Materials 2025, 2, 10004 4 of 25

Currently, high-performance PHS can be broadly categorized into conventional Mn-B steels (both with and
without coatings) and newly developed oxidation-resistant PHS. A comprehensive review of their microstructure,
mechanical properties, bending characteristics, and impact resistance has been conducted in the existing literature [13].
Consequently, this review primarily focuses on the efficacy of coatings and pre-deposited films for conventional Mn—
B steels in enhancing their high-temperature oxidation resistance. In contrast, for oxidation-resistant PHS, this review
examines the influence of composition and pretreatment on their oxidation resistance. The objective of this review is to
provide a reference and foundation for related research endeavors and applications, ultimately contributing to the
sustainable development of high-performance oxidation-resistant PHS.

2. Conventional Mn-B Steels
2.1. Coating Sheets

The principal coatings developed for application to PHS with the objective of preventing high-temperature
oxidation are Al-Si coatings, Zn-based coatings, and other coatings [32]. A comprehensive examination of this topic
will be presented in the following sections.

2.1.1. Al-Si Coatings

After an extended development period, the Al-Si coating has become the most prevalent protective coating for
PHS, with a typical composition of 87 wt.% Al, 10 wt.% Si, and 3 wt.% Fe [33-35]. Presently, the fabrication of
automotive components, such as A-pillar reinforcement plates, B-pillar reinforcement plates, and door impact beams,
involves the utilization of Al-Si coated PHS [36]. The coating is applied via the hot-dip plating process at 670 °C,
resulting in a pre-coated layer with a thickness of 20 to 33 um [37-39]. Figure 3a depicts the scanning electron
microscope (SEM) image of the cross-section microstructure of the hot-dip Al-Si coating layer prior to austenitization.
The cross-sectional microstructure of hot-dip Al-Si coating is primarily comprised of three distinct layers, as shown in
Figure 3b. The outermost layer is a pure Al layer. The middle layer is constituted by an Fe-Al-Si ternary alloy phase.
The innermost layer is an Fe—Al alloy layer, which is predominantly composed of FeAl; and Fe,Als. Additionally, a
layer of Fe,SiAly (15 phase), with a thickness of approximately 5 um, is present between the matrix and the Al-Si coating
layer [40]. Figure 3¢,d demonstrate the coating microstructure of the Al-Si coated sheet following austenitization (heat
treatment at 930 °C for 6 min) and hot stamping. The final microstructure of the coating layer is primarily divided into
five layers (with the outermost layer being the first): The initial and third layers are composed of FeAl,, the second and
fourth layers are the Fe,SiAl phase, and the fifth layer is constituted by an Al and Si-rich a-Fe phase, as reported in
relevant studies [41,42]. The oxidized weight gain of 22MnB5 steel with Al-Si coating exhibited minimal variation at
900 °C after a short period (<8 min) of austenitization. Furthermore, the oxygen diffusion depth in the coating is less
than 4 um, which is significantly smaller than the actual thickness of the coating, indicating that the Al-Si coating can
effectively protect the steel matrix during austenitization [41]. The diffusion rate of Al atoms in the Fe,SiAl, and
coating/steel substrate interface diffusion layers during austenitization is much higher than that for Fe atoms, so that Al
atoms diffuse inward to form the Fe—Al alloy phase and outward to form the Al,O3 layer [43—45]. The formed Al,O;
can effectively inhibit the mutual diffusion of oxygen and iron, thus effectively protecting the steel matrix.

Al-Si coated sheets do not require protective gases during heating, nor do they require subsequent shot peening.
Additionally, no oxide scale remains on either the product surface or the mold surface, thereby addressing the issues of
oxidation and decarburization that arise on the surface of uncoated PHS. However, the diffusion of the AI-Si coating is
a process that is dependent on time. If the diffusion is incomplete due to shorter heating times of the blank, or if it is
overly sufficient, resulting from prolonged heating, the weldability of the component and the surface properties of the
coated part will be compromised [46,47]. Consequently, there exists a direct correlation between the thickness of the
coating and the duration required for the Al-Si blank to undergo austenitization, which subsequently influences
productivity. Furthermore, an augmentation in coating thickness leads to a decrement in the efficiency of the hot-dip
plating process and an increment in the cost of the alloy. The increased thickness of Al-Si coatings may also be
susceptible to coating droplets sticking to ceramic rollers in the furnace, resulting in a deterioration of product quality
and further elevated production expenditures [48]. Last but not least, flexural toughness is one of the most important
indicators of the safety of automotive components, but thicker Al-Si coatings are detrimental to this property [49]. In
recognition of the disadvantages associated with thicker Al-Si coatings, recent years have witnessed the development
of a relatively thin Al-Si coating, with a thickness ranging from 13~19 um [50-52]. Structural analysis of this thin Al
Si pre-coating revealed that the thickness of the intermetallic compounds was roughly comparable to that of the thicker
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Al-Si coating, with the primary difference being a notable thinning of the Al coating. In addition, the thin Al-Si pre-
coatings were found to significantly mitigate the degree of carbon enrichment in the vicinity of the coating-substrate
interface (i.e., the side close to the substrate), thereby effectively enhancing the crash toughness of the hot-formed parts.
Undoubtedly, a thinner AI-Si coating thickness will result in a reduction in coating costs, as well as facilitate rapid
heating of realistic steel sheets.
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Figure 3. (a) SEM image of the cross-section microstructure of hot-dip Al-Si coating before hot stamping, (b) Analytical
results of energy-dispersive spectroscopy (EDS) of hot-dip Al-10%Si coatings before austenitization [40], (¢) SEM cross-
section of Al-Si coated sheets after austenitizing and hot stamping of the coating microstructure, (d) EDS line scan analysis
corresponding to (¢) [41].

However, both thick and thin Al-Si coatings are unable to provide cathodic protection due to their very close
electrochemical potential to the substrate. Consequently, Al-Si coated sheets offer only limited corrosion protection
after hot stamping, and are primarily utilized in the dry area of the BIW [53]. However, in view of the extensive use of
PHS in BIW, there has been a gradual shift toward using PHS in wet zones, particularly in the chassis and suspension.
This development underscores the urgent need for effective cathodic corrosion protection measures.

2.1.2. Zn-Base Coatings

Zn-based coatings not only protect the substrate from oxidation during the hot stamping process but also impart
superior corrosion resistance to the components after hot stamping. Therefore, galvanized PHS is also a popular
alternative to Al-Si coatings. Presently, Zn-based coatings employed as protective layers for PHS primarily consist of
hot-dip galvanized Zn (GI) coatings and alloyed Zn-Fe (Galvannealed coating, GA) coatings. The GI coatings are
basically pure Zn containing 0.2-2.5 wt.% Al, while GA coating contains Fe with a mass fraction of approximately 10—
15% [54-56]. Gl-coated sheet comprises two layers prior to hot stamping: an external Zn coating and a thin Al-rich
layer at the substrate interface (Figure 4a) [41]. Iron diffusion occurs during heating, so a three-layer structure is formed
after hot stamping [56,57]. The outermost layer is an oxide layer consisting of Zn and Al oxides, which prevents Zn
evaporation. The middle layer is the Zn-rich I" phase, which plays a pivotal role in corrosion resistance (contains a
minimum of 70 wt.% Zn). At the interface of the matrix is the a-Fe phase, which contains at least 10 wt.% Zn.

However, the application of Zn-based coatings is often accompanied by a significant challenge: the occurrence of
liquid metal embrittlement (LME) [58-60]. Given that the melting point of Zn is approximately 420 °C, which is
considerably lower than the forming temperature employed in hot stamping, this phenomenon occurs when the matrix
is subjected to stress (Figure 4b). As illustrated in Figure 4c, the ingress of liquid Zn into the matrix through the
compromised coating leads to the formation of cracks in the substrate’s surface layer. These surface cracks, known as
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microcracks, propagate along the austenite grain boundaries, eventually leading to premature cracking of the matrix
[54,61]. Furthermore, it has been established that when microcracks exceed 10 um, a substantial decrement in fatigue
stress occurs [22]. Bhattacharya et al. used intercritical annealing (partial austenitization) to form a dual-phase
microstructural variant in the same steel, thereby suppressing LME [62]. This is due to the fact that the dual-phase
microstructure consists of ultrafine ferrite grains and discrete martensitic islands, as well as smaller area fractions of
prior austenite grain (PAG) boundaries, which reduces the susceptibility of DP steels to LME. Cho et al. found that
intergranular cracking is due to the penetration of the liquid zinc alloy phase along the grain boundaries at the crack tip,
propagating over the prior austenite grain boundaries, which is weakened by the zinc diffusion mitigating the phase
transition to ferrite [63]. As demonstrated in Figure 4d, Zn—based coatings exhibit a distinct disadvantage in that they
possess a narrower hot-forming process window compared to bare sheets and those coated with Al-Si. This is attributed
to the boiling point of pure Zn (907 °C) being very close to the temperature of the austenitizing stage (880 °C for
22MnBS) in the hot stamping process. However, the duration of the low-temperature austenitization is insufficient for
the completion of coating diffusion. Conversely, an excessively long duration leads to the formation of deeper
microcracks within the base metal [10,64,65]. Consequently, the utilization of Zn-based coatings in PHS is constrained.
Recently, Zn—Mg coatings have been widely used for their superior corrosion resistance over Zn coatings [66]. Since
Mg atoms are preferentially ionized to provide electrons to the steel substrate, which can enhance the effectiveness of
the sacrificial anode. Mg-containing corrosion products such as MgCOs and Mg(OH), are formed on the surface during
the corrosion process, thereby delaying corrosion and improving the protective ability of the coating. intermetallic
phases of Mg and Zn, such as Mg>Zn;; and MgZn,, have higher corrosion resistance.
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Figure 4. (a) Schematic of Zn (GI) coating before and after hot stamping (adapted from [41]), (b) Cross-sectional morphology of
LME cracks [54,62], (¢) The process of LME occurrence during hot stamping of Zn-coated steels [53], and (d) Processing window
of the hot stamping process for Zn and Al-Si coatings (adapted from [41]).

2.1.3. Other Coatings

Varnish coatings have been demonstrated to alleviate oxidation and decarburization of bare sheets during the hot
stamping process. The varnish coating, which was developed and implemented by Nano—X in 2005, is a paint-like
coating that can be directly applied to the bare sheet surface using a spray gun or paint roller, as illustrated in Figure 5
[41,67]. Compared to bare sheets, the side with a varnish coating on the surface has better oxidation resistance, and
there is no significant peeling of the oxide layer. To date, Nano—X has developed two generations of varnish coatings.
The first-generation x-tec varnish coating is a composite of organic and inorganic materials, aluminum powder, graphite,
and wax. This coating, which is 6—7 pm thick, is applied to bare sheets but must be removed by sandblasting prior to
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soldering. The subsequent generation of x-tec varnish coatings has undergone enhancements that permit welding
without the necessity of sandblasting for coating removal. X-tec coatings exhibit better lubrication conditions and lower
friction compared to Al-Si coatings. At the same time, X-tec coatings possess high heat-absorbing capabilities and do
not necessitate additional diffusion time, thereby reducing the holding time of the slab in the furnace. Furthermore, they
can be accommodated for inductive, conductive, and near-infrared heating methods [22]. However, this coating cannot
be deformed during the heating process and has poor corrosion resistance. In 2015, Henkel also introduced a varnish
coating for hot stamping, termed Bonderite S—FN 7500 PH. This coating can be adapted to rapid heating and provides
corrosion and oxidation protection. Although the coefficient of friction for this coating has not been publicly disclosed,
it aids in lubricating the blank, and the coating does not require sandblasting for removal prior to spot welding [68].
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Figure 5. The x-tec coatings can be applied using a spray gun or paint roller to cover the surface of bare sheets as well as the
macroscopic morphology after hot stamping (adapted from [41]).

An anti-oxidizing oil coating has been developed specifically for application on bare PHS. This coating can be
categorized into two primary types: one comprises fatty acids for the formulation of soaps, carbonate-based solid
lubricants, and chelating agents; the other consists of boric acid, phosphate-based solid Iubricants, fatty acids utilized
in oil-based soaps, metal soaps, and chelating agents. While this coating provides effective oxidation protection and
facilitates easy removal after heating, it exhibits suboptimal corrosion resistance [69].

To meet the requirements of hot stamping steels for oxidation resistance and a wide heating window, Thyssen has
developed the Gamma Protect plating technology [70]. The coating constitutes an electroplated Zn—10Ni layer,
characterized by a single-phase y—Ni5Zn21 metal compound within the layers microstructure proximal to the substrate.
This phase makes the melting point of the coating reach 880 °C, which effectively avoids the LME phenomenon of Zn—
based coatings. In addition, the incorporation of the Ni element serves to stabilize the Zn-rich phase, enabling the
coating to possess a relatively extensive thermal processing window (880~920 °C). The oxide layer formed on the Zn—
Ni surface exhibits greater stability compared to galvanized layers, effectively inhibiting the volatilization of Zn from
the surface. At the same time, the combination of the surface oxide layer and the stable y-phase makes the coating
possess good friction properties. Although the comprehensive performance of this coating is excellent, its high cost and
low productivity make it not widely used.

Based on the above discussions, a concise summation of the utilization of coatings to address the oxidation issue
in PHS can be derived. Firstly, while all coatings offer protection against oxidation, they inherently possess certain
limitations. Secondly, Al-Si coatings are currently the most prevalent, albeit at a significant cost. Lastly, a coating sheet
that balances excellent overall performance with cost-effectiveness remains elusive.

2.2. Pre-Deposited Films

Apart from surface coatings, the preparation of pre-deposited or passivated films on the steel surfaces can also
protect the metal substrate during the high-temperature oxidation phase. Notably, surface pre-deposited films are more
cost-effective than surface coatings. Du et al. investigated the effect of molybdate passivation films on the high-
temperature oxidation properties of PHS1500 hot-formed steel (Table 1) [70]. The pre-passivation films, with



High-Temperature Materials 2025, 2, 10004 8 of 25

thicknesses of 2.87 and 3.03 nm, were fabricated by immersing the experimental steel in a 1 g/LL Na,MoOs solution for
durations of 15 (sample 2) and 30 min (sample 3) at room temperature, as illustrated in Figure 6a. The oxidation rate
constants for sample 1 (un-passivated sample), sample 2, and sample 3 were 22.8, 16.03, and 14.74 mg’cm “*min !,
respectively (Figure 6b). The excellent high-temperature oxidation resistance exhibited by the passivated samples can
be attributed to the fact that the pre-passivation film hinders the oxidation of the metal substrate at the early stage of
oxidation, resulting in a large amount of Si enriched on the surface of the metal substrate [71,72]. As the oxidation
proceeds, the pre-passivation film is damaged, resulting in the oxidation of Si to form a large amount of SiO,, which
further reacts with FeO to form Fe,Si04. As shown in Figures 6c,d, the passivated sample formed a dense Fe,Si04 layer
during the oxidation process, while the un-passivated sample formed a defective Fe,SiO4 layer. Therefore, the passivated
samples have higher antioxidant performance.

Table 1. Chemical compositions (wt.%) of the PHS1500 steels.

Steel C Mn Si Al Cr Ti B S Ref.
1500PHS 0.215 1.46 0.238 0.037 0.057 0.029 <0.01 0.0035 65
1500PHS 0.24 1.40 0.20 - - - 0.02-0.05 - 68
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Figure 6. (a) Thickness of pre-passivated film (adapted from [70]), (b) Oxidation kinetic curves for un-passivated and passivated
samples at 930 °C, (¢) Schematic representation of the oxidation process of the passivated sample, and (d) Schematic representation
of the oxidation process of the un-passivated sample ((1)—(4) in the figure represent the order of oxidative evolution) [70].

Nie et al. enhanced the high-temperature oxidation resistance and oxide adhesion of the PHS1500 steel (Table 1)
in an Ar + 0.1 vol% O» gas mixture at 930 °C for a duration of 20 min, by preparing a pre-deposited film through the
addition of silicate-molybdate to the rinse solution after pickling (Figure 7a) [73]. The concentrations of silicates and
molybdates in the pretreatment solution are detailed in Table 2. As demonstrated in Figure 7b, the antioxidant properties
of the pretreated samples were all superior to those of the untreated sample (S0), with sample S3 exhibiting the most
notable antioxidant properties. The silicate in the pre-deposited film effectively impeded the mutual diffusion of Fe?*
and O%", owing to its low ionic conductivity [74,75]. Consequently, the growth of the FeO layer on the surface of the
pretreated sample was significantly hindered and the antioxidant performance was enhanced, as demonstrated in Figure
7c. Furthermore, molybdate has been shown to be capable of filling the space between silicate precipitate, thereby
increasing the compactness of the pre-precipitated film.

While the pre-deposited film on the surface of PHS has been demonstrated to enhance its antioxidant performance
at elevated temperatures, it remains at the laboratory research stage. The applicability and compatibility of this film in
actual industrial production are yet to be determined. Pre-deposited films can be prepared industrially by adding silicates
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or molybdates to the rinse solution of the pickling line. Therefore, it is hypothesized that the preparation of the pre-
deposited films can have good compatibility with the pickling lines of existing industries. In addition, silicates and
molybdates are relatively low-cost and therefore having better economics for industrial production.

Table 2. Concentrations of silicate and molybdate in the rinse solution [73].

Solution No. S1 S2 S3 S4
Na,SiOs3 (mg/L) 500 1000 500 1000
Na;MoO, (mg/L) 0 0 200 200
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Figure 7. (a) Schematic diagram of the process of PHS (Since the pretreatment solution is an aqueous solution, the silicates are
mainly H>Si0Os), (b) Oxidation thickness of without pretreated and pretreatment samples at 930 °C for 20 min, and (¢) Schematic
representation of the oxidation process of pretreated and unpretreated samples during the holding phase of austenitizing [73].

3. Oxidation-Resistant PHS

The accelerated evolution of PHS has concurrently led to a diversification in material design, with novel PHS
designs incorporating moderate quantities of single or multiple antioxidants alloying elements, such as Cr, Si and Al in
contrast to conventional 22MnBS5 steels. These antioxidant alloying elements possess the ability to form a dense oxide
film on the steel surface at elevated temperatures, thereby shielding the base metal from environmental exposure and
providing a protective effect. It is acknowledged that the addition of these alloying elements can also lead to
enhancements in other properties, such as mechanical properties [13]. However, the focus of this review is solely on
their role in enhancing the antioxidant properties of PHS. Consequently, a comprehensive understanding of the role of
antioxidant alloying elements in the high-temperature antioxidant resistance of novel PHS is imperative for the
advancement of this field. The following sections are discussed in terms of the amount of alloying elements added to
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antioxidant hot-forming steels from high to low.

3.1. Hot-Formed Stainless Steels

It is well known that the higher the Cr content, the better the high-temperature oxidation resistance of stainless
steels, such as 310S, 304L and 317L stainless steels (Cr > 18 wt.%). For this reason, Santacreu et al. first applied this
concept in the high-temperature oxidation of conventional PHS. Presently, hot-formed stainless steels suitable for use
in hot stamping lines exhibit Cr contents ranging from approximately 11-13 wt.%, with their chemical compositions
shown in Table 3. Notably, the Max1.2 hot-formed stainless steel, developed by Aperam, demonstrated an absence of
black oxide scale on its surface. Instead, it formed a golden-yellow appearance following industrial trial production for
B-pillars (Figure 8a). This observation underscores its exceptional oxidation resistance [76,77]. Max1.2 does not
necessitate the application of coatings or the use of inert atmosphere protection during hot stamping [77,78].
Furthermore, the martensitic phase transition temperature of Max1.2 is much lower than that of 22MnBS steel (Figure
8b) due to the ability of Cr to increase the hardenability of the steel, allowing more manipulation of the time of transfer
from austenitizing to the mold, thus ensuring product stability [78].

Although hot-formed stainless steels have excellent oxidation resistance, their high Cr content undoubtedly leads
to deterioration in production costs and welding performance. Therefore, hot formed stainless steel is not widely
produced and applied.

Table 3. Chemical compositions (wt.%) of the hot-formed stainless steels [76—80].

Steel C Mn Cr Ni Others
Max1.2 0.10 0.4 12 0 Nb
Max1.2HY 0.06 >() 11 0.5 Nb
Max2 0.2-0.25 >().3 13 0-2 Nb
H1200PH 0.43-0.5 1.40 13.5+1 0 -
@ I ) so0
g, . O Martensite + ther phases
‘\“ . i 500} @ 100% Martensite 2oMnB5 |
| g ol MaX1.2 |
& / T 300} I
‘ T :
L é 200 | o | I
> 100 [1°crs iCr’rticaI cooling ratei 27°Cls

0 i
0.01 0.1 1 10 100 1000
Cooling rate (°C/s)

Figure 8. (a) Hot-formed stainless-steel B-pillar parts [77], and (b) Comparison of MaX1.2 and 22MnBS5 critical cooling speeds [41,78].

3.2. Novel Cr-Alloyed Medium-Mn Steels

In recent years, in response to the drawbacks of poor oxidation resistance and the high cost associated with Al—Si
coatings on 22MnBS5 bare sheets, Luo and co-workers have developed a new Cr-alloyed medium -Mn steel (referred as
“MMCr” steel, Table 4) to replace conventional PHS [81]. As demonstrated in Figure 9a, the thickness of the oxide
layer of the MMCr steel is less than 3 um following hot-stamping in air at 750—810 °C for 5 min. In comparison to the
oxidation of the 22MnBS5 steel (about 5 um) at 750 °C (Figure 9e), the oxidation resistance is significantly enhanced.
The enhanced oxidation resistance of MMCer steel during the hot-stamping process can be attributed to two primary
factors. Firstly, the high Cr and Al contents in MMCr steel facilitate the formation of a Cr- and Al-rich oxide layer
during oxidation (Figure 9b). Both Cr.O; and Al,Os possess the ability to mitigate the oxidation of the substrate (Figure
9c¢), thereby augmenting the antioxidant properties of the steel [82]. Secondly, the higher Mn content of the MMCer steel leads
to a lower austenitizing temperature Acs (Figure 9d), which results in a lower hot stamping temperature being used.

The novel Cr-alloyed medium-Mn steel has been demonstrated to be an effective solution to the issue of high-
temperature oxidation of the bare sheet. However, it should be noted that the addition of both high Cr and high Mn
content results in an elevated cost of the alloy. Furthermore, the hot stamping temperature of this alloy differs
significantly from the temperature commonly utilized in current industrial production, resulting in suboptimal industrial
compatibility and limited widespread utilization.
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Figure 9. (a) Oxide layer thickness during hot stamping of MMCer steel at a different temperature, compared to 22MnBS5 bare sheet,
(b) Raman spectra of the oxide cross-section of MMCr steel at 750 °C, (¢) The electron probe microanalyzer of elemental (EPMA)
mapping of the cross-section of the oxide layer of MMCer steel after oxidation at 750 °C, (d) Dilatation as a function of temperature
for MMCr steel, and (e) Cross-sectional morphology of the oxide layer of 22MnBS5 bare sheet at 750 °C [81].

3.3. Novel Cr-Si Alloyed PHS

To reduce production costs and improve weldability, it is imperative to decrease the alloying content of Cr and Mn.
However, it is well known that the antioxidant properties of single Cr-alloyed steels are usually directly proportional to
the Cr content and that the reduction of antioxidant properties by lowering the Cr content is unavoidable. Previous
literature [83—86] has demonstrated that the incorporation of a moderate amount of Si in heat-resistant steels (Cr > 9
wt.%) can mitigate or even eliminate the adverse effects on their antioxidant properties resulting from decreased Cr
content. This phenomenon is primarily attributed to the higher oxygen affinity and thermal stability of Si, which
facilitates the formation of a protective SiO, healing layer and promotes the formation of a protective Cr,Oj; layer.
Consequently, a synergistic high-temperature oxidation resistance mechanism of Cr and Si is proposed in heat-resistant
alloy steels [87,88]. This theoretical framework has guided numerous researchers in developing novel Cr—Si alloyed
PHS [89,90]. Zhao et al. [89] discovered that the thickness of the oxide layer of the Cr—Si alloyed PHS (referred as
“2000HS” steel, Table 4) developed by them was 12.4 um after oxidation at 950 °C in the air for 5 min (Figure 10b).
The thickness of the oxide layer of the conventional 22MnBS steel was 23.6 pm under the same conditions (Figure 10a),
indicating that 2000HS steel exhibits superior high-temperature oxidation resistance. The study revealed that FeCr,O4
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and Fe,Si04 oxides formed at the interface of the matrix during oxidation due to the presence of 3 wt.% and 1.5 wt.%
of Cr and Si in the matrix, respectively (Figure 10a). These oxides not only hindered the diffusion of Fe ions but also
strengthened the bonding between the oxide layer and the matrix interface. Consequently, the high-temperature
oxidation resistance and the spalling resistance of the oxide layer in 2000HS steel were enhanced. Although the oxide
layer of 2000HS steel is relatively thin compared to that of 22MnBS steel, it is still in the range of teens of microns, and
this oxide layer may adversely affect subsequent welding and painting processes. Therefore, the oxide layer on the
surface of 2000HS steel may require further treatment, which would undoubtedly increase production costs.

Figure 10. Cross-sectional morphology and corresponding EDS elemental analysis of conventional 22MnBS5 steels (a) and 2000HS
(b) at 950 °C in the air for 5 min [89].

Li et al. [91] developed a Cr-Si alloyed PHS (named as coating-free PHS: CF—PHS, Table 4) that, after oxidation
for 320 s at 930 °C under N; conditions, formed a submicron oxide layer (0.13 pm) (Figure 11a). Under the same
conditions, the oxide layer thickness of conventional 22MnBS5 steel was 6.36 um, which is almost 50 times that of the
CF-PHS (Figure 11a). After oxidation, the oxide layer of the CF—PHS was mainly enriched with Cr, Mn, and Si, which
were identified as Cr,O3, Mn,03, and amorphous SiO; layers (Figure 11b). The continuous Cr,Oj; and SiO; layers have
been shown to impede the mutual diffusion of Fe and O, thereby significantly hindering the oxidation of the CF—PHS.
Additionally, the Mn,O3 formed on the outer side of the oxide layer enhances its compactness, thereby preventing the
inward invasion of O. Consequently, CF-PHS exhibited excellent high-temperature oxidation resistance. The authors
believe that compared to Cr and Fe, Si and Mn have stronger oxygen affinity, which leads to the preferential formation
of MnO and SiO; in the early oxidation stage, thereby promoting the formation of Cr,O; layer, as shown in Figure 11c.
Furthermore, the formation of the continuous Cr,Os layer also provided time for the formation of continuous amorphous
Si0,. Due to the fact that the thickness of the oxide layer after hot stamping is only a few hundred nanometers for CF—
PHS, it has been proven that shot peening is unnecessary for subsequent welding and painting processes, allowing for
direct welding and painting [92], thereby reducing production costs.

Furthermore, Li et al. [93] also investigated the effect of Cr content (Cr < 3wt.%) on the high-temperature oxidation
resistance of CF-PHS by oxidation under N; at 930 °C for 300 s. The results revealed that CF—PHS exhibited superior
oxidation resistance when the Cr content reached approximately 2.5 wt.%, as illustrated in Figure 12a,b. When the Cr
content is 1.5 wt.% or lower, even when Si and Mn are favorable for promoting the formation of Cr,O; protective layer,
a continuous Cr,0s layer cannot be formed. Instead, it transforms into a less protective Fe—Cr spinel oxide, which leads
to the rapid growth of Fe-oxides and, consequently, poorer oxidation resistance, as shown in Figure 12c. It is evident
that there is a limited potential for optimizing the Cr content of CF—PHS from a compositional perspective to achieve
additional economic benefits. Simultaneously, the exceptional oxidation resistance of CF—PHS necessitates the
protection of inert gases, a factor that undoubtedly constrains their utilization. To overcome this limitation, researchers
have suggested the pretreatment or incorporation of rare earth elements into CF—PHS. This approach aims to augment
its high-temperature oxidation resistance, ensuring its effectiveness in unprotected atmospheres.
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Figure 11. (a) Cross-sectional morphology of oxide layers of 22MnB5 and CF-PHS steels oxide at 930 °C in N, for 320 s, (b)
transmission electron microscopy (TEM) morphologies and EDS elemental analyses of CF—PHS, and (¢) Schematic diagram of the

formation mechanism of the oxide layer of CF—PHS [91].
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Figure 12. (a) Curves of oxide layer thickness with time for Cr—Si alloyed PHS with different Cr contents, (b) The oxidation rates
obtained by fitting (0 wt.%-0Cr PHS, 1.5 wt.%-15Cr PHS, 2.5 wt.%-25Cr PHS, 3.0 wt.%-30Cr PHS), and (¢) Schematic diagram
of oxidation mechanisms for steels with different Cr contents oxidized at 930 °C for 300 s [93].

Li et al. [94] utilized temperatures of 640, 760 and 840 °C to pre-oxidize the CF—PHS in an unprotected atmosphere.
The samples pre-oxidized at 760 °C were found to have an oxide layer thickness of 0.15 um after 10 min of oxidation
in air at 950 °C, showing excellent oxidation resistance similar to those in the protected atmosphere. The pre-oxidation
process enhances the oxidation resistance of CF—PHS in air due to two primary mechanisms. The relative contents of
Mn-Fe spinel oxides in both the 760 and 840 °C pre-oxidized films are higher than those in the 640 °C pre-oxidized
films (Figure 13a). The relative contents of Mn-rich oxides in the 760 and 840 °C pre-oxidized films are also higher
than those in the 640 °C pre-oxidized films (Figure 13b). Both Mn-rich oxides and spinel can promote the compactness
of the oxide film, indicating that the 760 and 840 °C pre-oxidation films are more conducive to improving the
subsequent oxidation resistance. Moreover, the continuous Mn—Cr spinel at the interface between the oxide layer and
the matrix further improves the densification of the oxide film. Therefore, the 760 °C pre-oxidation films promoted the
formation of Cr,Os3 protective layer during the subsequent hot stamping process, which effectively improved the high-
temperature oxidation resistance of CF—PHS under unprotected conditions (Figure 13d). It is evident that the selection
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of the pre-oxidation temperature is pivotal in determining the optimal oxidation resistance of CF—PHS in an unprotected
atmosphere, as temperatures that are excessively low or high can have a deleterious effect (Figure 13b,c,e).
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Figure 13. Relative content of each oxide in pre-oxidized films analyzed by X-ray photoelectron spectroscopy (XPS) (a) Fe2p, (b)
Mn2p, (¢) Schematic representation of oxidation before and after hot stamping of unoxidized CF—PHS, (d) Schematic representation
of oxidation before and after hot stamping of 640 °C pre-oxidized CF—-PHS, (e) 760 °C pre-oxidized CF-PHS, and (f) 840 °C pre-
oxidized CF-PHS [94].

Du et al. [95] incorporated 0.024 and 0.06 wt.% of Ce into Cr—Si alloyed PHS (Table 4) and subjected them to
oxidation at 950 °C in air for up to 120 min. The results indicated that the high-temperature oxidation resistance of Cr—
Si alloyed PHS increased with the increase of Ce content, as shown in Figure 14a,b. The addition of Ce resulted in the
formation of a thicker Cr—Si enriched layer in the initial stage of oxidation of the Cr-Si alloyed PHS (Figure 14c¢),
which led to a denser oxide layer, and significantly reduced the degree of its oxidation. Meanwhile, Ce,Os3 particles
were segregated into the internal Cr—Si enriched layer during the oxidation process (Figure 14¢), which reduced the
vacancy concentration, enhanced the adhesion between the oxide layer and the matrix, and avoided the deterioration of
oxidation caused by the shedding of the oxide layer. Consequently, this effectively improved the high-temperature
oxidation resistance of Cr—Si alloyed PHS. In contrast, the Cr—Si alloyed PHS without added Ce exhibited more defects
in the oxide layer and inferior oxidation resistance (Figure 14d). There are two other mechanisms by which rare earth
elements improve the oxidation resistance of steel. (1) The addition of rare earth elements can promote the selective
oxidation of Cr, resulting in the rapid formation of a protective Cr,O; layer [96]. (2) Rare earths segregate to the oxide
grain boundaries, which inhibit the outward diffusion of cations, and oxidation is transformed into inward diffusion of
anions, resulting in a lower oxidation rate [97]. Based on the above theory, the following authors designed oxidation-
resistant PHS with the addition of rare earths. Xu et al. [98] added rare earth Ce or Y to Cr-Si alloyed PHS and
demonstrated that rare earth improved the oxidation resistance of Cr—Si alloyed steel during hot stamping. However,
they added relatively high contents of Ce (~0.14 wt.%) and Y (~0.2 wt.%). The thickness of the oxide layer after
oxidation in air at 950 °C for 10 min was less than 1 um, and the high-temperature antioxidant properties of Cr—Si
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alloyed CF-PHS were significantly improved. Zhao et al. [99,100] developed a rare-earth Y (0.003—0.007 wt.%) or Ce—
containing (0.003—0.008 wt.%) uncoated PHS (Table 4) with an oxide layer thickness of less than 6 um after oxidation
in air at 930 °C for 5 min. The rare-earth uncoated PHS showed superior oxidation resistance compared to 22MnB5
(oxide layer thickness of 10.2 um) oxidized under the same conditions.

It is evident that the high-temperature oxidation resistance of Cr—Si alloyed PHS under unprotected atmospheres
can be enhanced by pre-oxidation and the addition of rare earth elements. However, further exploration is necessary to
ascertain the compatibility of pre-oxidation with production requirements. It should be noted that the addition of rare
earth elements will further increase production costs.
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Figure 14. (a) Curves of mass change of different samples, (b) Curves of mass change squared of different samples, (¢) Average of
thickness of oxide layer and Cr—Si rich layer of different samples, Cross-sectional morphology and elemental distribution of the
oxide layers of (d) Ce-free and (e) 0.06 wt.% Ce steels [95].

Ding et al. [101] developed a high-Si alloyed PHS (referred to as “HSi” steel, Table 4), which exhibited an oxide
layer thickness of less than 1.6 um on its surface after undergoing oxidation in air for 3 min at 825 °C (Figure 15a).
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Under the same conditions, the oxide layer thickness of 22MnB5 steel was observed to be more than 11.2 pum,
approximately 45 times higher than that of the HSi steel. This observation suggests that HSi steel possesses superior
high-temperature oxidation resistance compared to 22MnB5 steel. The excellent oxidation resistance of HSi steels
during hot stamping can be attributed to the lower oxidation temperature and the formation of Si- and Cr-rich oxide
layers during the oxidation process (Figure 15c). These oxide layers may contain SiO; and Cr,O3 (Figure 15b), which
effectively inhibit the inward diffusion of oxygen and, consequently, the oxidation of the matrix. Although the oxygen
resistance of the HSi steel is enhanced compared to 22MnBS5 steel, the Cr content remains relatively low. As a result,
after 5 min of oxidation at 900 °C, the oxide layer thickness of HSi steel reaches about 10 pm, and its oxidation
resistance becomes inferior to that of previously developed CF—PHS.
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Figure 15. (a) Oxide layer thickness of HSi steels during the hot stamping at different temperatures and times, in comparison with
22MnBS steel, (b) Raman spectra of the oxide layer of HSi steels after oxidation 825 °C for 3 min, and (c¢) Elemental distributions
on the cross-section of oxide-layer formed on the HSi steels after oxidation 825 °C for 3 min, as measured by EDS [101].

3.4. Novel Si—Al Alloyed PHS

Ding et al. [102] have developed a novel Si—Al alloyed PHS (referred to as “HSiAl” steel, Table 4) that has
demonstrated excellent high-temperature oxidation resistance following oxidation in air at temperatures of 820 and
950 °C for durations ranging from 5 to 120 min. As demonstrated in Figure 16a, the oxidation weight gain and oxidation
rate constant values of the HSiAl steel are considerably lower than those of the conventional 22MnB5 steel under
analogous conditions. The exceptional oxidation resistance of the HSiAl steel can be ascribed to the diffusion of Si and
Al outward from the matrix during the initial stage of oxidation to form Al,O3 and SiO» (Figure 16b), which are dense
oxides that can impede further oxidation of the matrix (Figure 16¢). Despite the substitution of chromium Cr for Al in
HSiAl steel, the Mn content remains comparatively elevated, and the alloying costs may not undergo substantial
modification. Furthermore, the high-temperature oxidation resistance mechanism of HSiAl steel during hot stamping
requires further investigation, as it is still in the experimental research and development stage.
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Figure 16. (a) Curves of mass change and fitted with the parabolic law of HSiAl steels and -22MnB5 steel in air at 820 °C, (b)
Raman spectra of the oxide layer of HSiAl steels after oxidation 950 °C for 5 min, and (c¢) Elemental distributions on the cross-
section of oxide-layer formed on the HSiAl steels after oxidation 820 °C for 5 min, as measured by EDS [102].

Table 4. Chemical compositions (wt.%) of the novel PHS.

Steel C Cr Si Mn Al Ce Y Nb Fe Ref.
MMCr 0.25 3.29 0.38 6.94 0.23 - - <0.12 Bal. [81]
2000HS 0.35-0.40 <3.0 <2.0 1.10-1.50 - - - <0.026 Bal. [89]
CF-PHS 0.196 2.46 1.51 1.38 - - - 0.029 Bal. [91,92]
0Ce 0.24 2.20 1.63 1.50 0.072 - - - Bal. [95]
0.02Ce 0.24 2.18 1.62 1.51 0.076 0.024 - - Bal. [95]
0.06Ce 0.24 2.19 1.60 1.51 0.070 0.060 - - Bal. [95]
CF-PHS 0.196 2.46 1.51 1.38 - <0.14 - 0.029 Bal. [98]
CF-PHS 0.196 2.46 1.51 1.38 - - <0.2 0.029 Bal. [99]
Uncoated PHS 0.2-0.4  0.15-1.5 1.3-2.0 1.0-1.8  <0.05 0.003-0.008 - - Bal. [99]
Uncoated PHS 0.2-0.4  0.15-1.5 1.3-2.0 1.0-1.8  <0.05 - 0.003-0.007 - Bal. [100]
HSi 0.25 0.56 1.58 1.29 0.05 - - 0.038 Bal. [101]
HSiAl 0.26 - 1.81 3.14 1.17 - - 0.047 Bal. [102]

From the above discussion, oxidation-resistant PHS can be divided into two categories, one of which is hot-formed
stainless steels with high Cr content, but the cost becomes an inevitable drawback. Therefore, to reduce the cost while
maintaining a certain resistance to high-temperature oxidation of PHS, by reducing the alloy content and using a variety
of antioxidant elements between the synergistic effect to achieve the purpose of oxidation resistance, which is the second
category of novel PHS. With the addition of antioxidant alloying elements, the novel PHS has excellent high-
temperature oxidation resistance during the hot stamping process and shows great potential for industrial applications.

Table 5 summarizes the high-temperature oxidation resistance of some oxidation-resistant PHS and conventional
Mn-B steels during hot stamping. Although the high-temperature oxidation resistance of PHS can be improved by both
pre-deposited films and alloy design compared with conventional Mn—B steels, novel PHS that can be used as
replacements for conventional PHS should be considered not only in terms of their high-temperature oxidation
resistance, but also in terms of their mechanical properties, corrosion properties, and cost, amongst other factors.
Therefore, it is necessary to explore novel PHS that are superior in all aspects in the future.
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Table 5. The high-temperature oxidation resistance of oxidation-resistant PHS and conventional Mn—B steels during hot stamping.

Temperature Thickness

Steel Type oC Times Atmosphere um Drawback Ref.
Damaging die/shot
22MnBS bare sheet 750-950 180-320 Air/N2 5-23.6 peening/reduced part accuracy/ [81,89]
high-cost
Pre-deposited film- . . o
Na>MoOs 930 900-1800 Air 2.87-3.03 Production compatibility unknown [70]
Pre-deposited film- Ar+ 0.1 vol% . o
silicate-molybdate 930 1200 0 5.9-154 Production compatibility unknown [73]
MMCr 750-810 300 Air <3 High-cost [81]
2000HS 950 300 Air 124 Poor weldability [89]
CF-PHS 930 320 N2 0.13 - [91]
Ce—PHS 950 600 Air 33.51 High-cost [95]
Uncoated PHS 930 300 Air <6 High-cost [99,100]
HSi 800-900 180-300 Air <10 Poor weldability [101]
HSiAl 820 300 Air 0.7 High-cost [102]

Table 5 also summarizes the comparison of the newly developed PHS, which incorporates additions of Cr and
Si/Al, in terms of alloying cost, effectiveness in oxidation resistance, and weldability. The oxide layer thickness of the
MMCr steels measures less than 3 um, representing a notable enhancement in oxidation resistance when compared to
the conventional 22MnBS5 steel under identical conditions. Consequently, the weldability of MMCr steel is superior due
to its thinner oxide layer. However, the elevated levels of Cr and Mn in MMCr steels lead to increased costs in
comparison to other novel PHS. The 2000HS steels, characterized by an oxide layer thickness of 12.4 um, exhibit
improved oxidation resistance relative to 22MnB5 steels. Additionally, 2000HS steels and CF—PHS possess comparable
concentrations of Cr, Si, and Mn, leading to similar alloy costs. Nevertheless, the thicker oxidation layer of 2000HS
steel and its inferior weldability distinguish it from CF-PHS. The oxidation layer of CF—PHS is below 1 um, resulting
in a substantial enhancement in antioxidant properties and, consequently, better weldability. The oxidation layer
thickness of HSi steel is less than 10 um, and it demonstrates superior antioxidant properties compared to 22MnB5
steel. However, the thicker oxide layer contributes to its relatively poor weldability. HSi steels have a lower alloy content
compared to other novel PHS, leading to the lowest alloy cost among them. HSiAl steels, with an oxide layer thickness
of 3 um, exhibit a significant improvement in oxidation resistance when compared to 22MnBS5 steels and possess better
weldability. However, the relatively high content of Al, in addition to a high Si content, in HSiAl steel results in a higher
alloy cost. It is important to note that due to the varying oxidizing conditions (temperature and atmosphere) of the
various novel PHS, a direct comparison of their antioxidant properties is not feasible.

Despite the significant advancements made in the field of oxidation-resistant PHS in recent years, there are still
some potential research areas that merit further attention: (1) Research has predominantly concentrated on the excellent
high-temperature oxidation resistance resulting from the addition of antioxidant elements. However, there is a paucity
of studies examining the synergistic oxidation resistance mechanism of each alloying element at high temperatures. (2)
The content of added antioxidant elements such as Cr, Si and Al is less researched. To optimize high temperature
antioxidant performance and reduce cost, the ratios of antioxidation elements still need to be further studied. (3) At
present, only a few the CF—PHS through industrial trials and verified that the oxide layer thickness of less than 1 um
oxide layer has good welding, phosphating and painting (good adhesion of the coating) performance [92]. Although
other novel PHS have significantly reduced oxide layer thickness compared to 22MnB5 bare sheet, the effect of the
oxide layer on subsequent welding, phosphating and painting is still unclear. (4) Further research is required to elucidate
the effect of oxide layer thickness on other properties of the novel PHS, including corrosion properties [103], bending
properties [104], wear properties [105] and hydrogen embrittlement resistance [106].

4. Cost-Effectiveness Analysis of Antioxidant Resistance in PHS

With the discussion in the above sections, this chapter compares the cost-effectiveness of coatings, pre-deposited
films, and novel PHS relative to conventional Mn—B PHS. Al-Si coatings are more costly than traditional Mn—B steel
bare plates due to patent limitations and problems such as coating sticking to rollers and reducing roller conveyor life.
The cost of Zn-based coatings remains high relative to conventional Mn—B bare steel. Pre-deposited films to improve
the oxidation resistance of PHS use sodium molybdate and sodium silicate, which are relatively inexpensive relative to
coatings. The antioxidant properties of the new alloyed PHS are derived from the addition of a certain amount of
antioxidant elements such as Cr, Si or Al, and therefore, the cost of the alloy is higher compared to the traditional Mn—
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B steel alloys. The composition of MMCer steels consists of 3.29 wt.% Cr and 6.94 wt.% Mn (Table 4), respectively,
represents a higher alloy content contributing to an elevated alloy cost. It can be inferred that a reduction in the Cr
content would result in a corresponding decrement in antioxidant properties. HSiAl steel has a composition of 1.81 wt.%
Si, 1.17 wt.% Al, and 3.14 wt.% Mn (Table 4) constitutes a high alloy content, resulting in a relatively high alloy cost.
To achieve an optimal balance between cost and antioxidant properties in HSiAl steels, it is necessary to analyze steels
with varying Si and Al contents through purposeful design. This analysis involves examining the cost and antioxidant
properties of HSiAl steels with different Si and Al compositions. The 2000HS and CF-PHS steels exhibit similar
contents of Cr, Si, and Mn, resulting in a lower alloy cost compared to MMCr and HSiAl steels. Reducing the Cr content
to 1.5 wt.% can decrease the alloy cost but significantly impair the antioxidant properties [93]. The Cr content in HSi
steels is notably lower than in CF—PHS (Table 4), leading to a lower alloy cost. The antioxidant element in HSi steels
is solely Si, and a decrease in Si content would result in a lower alloy cost but also a deterioration of antioxidant
properties. Furthermore, the oxidation resistance of HSi steels is inferior to those of MMCr and HSiAl steels.

5. Conclusions and Perspectives

The present review focuses on research addressing the high-temperature oxidation challenges of conventional Mn—
B steels during hot stamping, using strategies such as coatings, pre-deposited films and alloy designs. In the case of
coatings, the emphasis is on elucidating the anti-oxidation effects and behavioral mechanisms of diverse coatings during
hot stamping while also discussing their associated merits and demerits. Regarding the strategy of pre-precipitated films,
the focus lies in understanding the mechanism through which these films enhance the high-temperature oxidation
resistance of PHS. The majority of alloying designs have centered on the incorporation of a single antioxidant element
(Cr, Si) or a combination of two (Cr—Si/Si—Al) to bolster the high-temperature antioxidant performance of PHS.
However, there has been limited research on the optimization of alloying element content and the underlying
mechanisms of oxidation. Consequently, the aforementioned antioxidant strategies for PHS possess the following
development potential:

(1) In the field of coatings, Zn-based coatings have exhibited exceptional antioxidant and anti-corrosion properties,
thereby demonstrating superior overall performance compared to AI-Si coatings. However, the LME phenomenon
poses a significant challenge, as it restricts the application of Zn-based coatings. Consequently, the present research
focuses on the elimination of LME in Zn-based coatings for oxidation protective coatings in the context of PHS.
The occurrence of LME necessitates the satisfaction of two conditions: the presence of liquid metal and the
application of stress. The resolution of this issue can be achieved through the reduction of stress, the minimization
of liquid metal, the reduction of material sensitivity, and the improvement of the process.

(2) The issue of high-temperature oxidation of PHS can be effectively addressed through the utilization of pre-
deposited films. The most significant challenge pertains to the integration of this process into existing production
lines. Given the use of chemicals such as sodium molybdate or sodium silicate, it is recommended to assess the
feasibility of incorporating pre-deposited films into the pickling process.

(3) Interms of alloying design, given the high cost associated with the high Cr content of hot-formed stainless steel,
optimizing the design of the alloying composition to improve the existing oxidation-resistant PHS is a more
pragmatic approach. Further research is still required to investigate the synergistic effect of various antioxidant
elements on the oxidation behavior of oxidation-resistant PHS at high temperatures, thereby providing theoretical
support for the further refinement of alloy composition design. Moreover, determining how to judiciously regulate
the addition of Cr, Si, Al, and other elements to reduce the cost of oxidation-resistant PHS, while maintaining
excellent oxidation resistance will be a pivotal direction for the sustainable development of oxidation-resistant PHS
in the future.
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