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Press hardening steel (PHS) is widely used in the production of automotive components. However, 

the traditional 22MnB5 steel, during the heating and hot stamping process, tends to develop a 

substantial amount of loose and easily detachable oxide scale on the surface, negatively impacting the 

lifespan of molds and the quality of forming. To address this issue, this work designed PHS with 

different component ratios (Si, Cr, Ni, Cu, and Mo) based on the composition of 22MnB5. High-

temperature oxidation tests were conducted on the designed steels under conditions of 930°C 

withholding times ranging from 5 to 30 minutes. The results highlight that the Si-Cr composite PHS 

exhibits the most remarkable resistance to oxidation. Microscopic characterization and phase analysis 

of the oxide layer structure reveal the formation of a Si-Cr enrichment layer between the matrix and 

the oxide layer, consisting of Fe2SiO4 and FeCr2O4. This dense enrichment layer, tightly binds to the 

matrix, hindering the outward diffusion of Fe from the matrix. The Si-Cr steel demonstrates an 88% 

reduction in oxide weight gain compared to 22MnB5 steel. This research would provide insights for 

the future development of PHS in the automotive industry, particularly in addressing challenges 

associated with oxide scale formation during the heating and hot stamping processes. 
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1. Introduction 

Hot pressing forming technology is widely used in the production of automotive parts, with 
22MnB5 being the currently prevalently hot-pressing-forming-steel (PHS)[1-3]. While the 
forming process of parts using 22MnB5 is relatively mature, the uncoated 22MnB5 exhibits 
poor oxidation resistance leading to the formation of a significant oxide layer during the 
hot-pressing process. The oxide layer tends to detach during production, necessitating 
frequent mold cleaning, which not only reduces production efficiency, but also shortens 
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the mold's service life. Additionally, industrial production requires an extra shot blasting 
process to remove the oxide scale from the surface of uncoated 22MnB5 plates, 
contributing environmental pollution. To address these challenges, the conventional 
approach involves depositing an Al-Si coating on the surface of 22MnB5 to enhance 
oxidation resistance[4-7]. However, Al-Si coated plates incur high costs and are prone to 
sticking to rollers, thus prolonging the production cycle and increasing costs. Therefore, 
researchers have explored antioxidant composition design and process parameter control 
to reduce oxide layer thickness, improve oxide layer density and adhesion to matrix, and 
ultimately enhance material oxidation resistance, thereby reducing surface treatment costs. 
Zhao et al. reported that it’s the oxidation resistance of 22MnB5 was effectively improved 
by adding Cr and Si alloy elements[8]; Zhang et al. also proved  that Cr and Si can improve 
the oxidation resistance of 22MnB5[9]; Zhang et al[10] and Deng et al[11] explored the effect 
of Mo element on the oxidation resistance of steel. However, these studies primarily 
focused on the effect of alloying elements on the oxidation resistance without considering 
their cost implications in practical industrial application. This study aims to design a new 
composition based on 22MnB5, conduct oxidation weight gain experiments, characterize 
the microstructure of the oxide layer, determine the optimal composition ratio, and further 
explore the oxidation resistance mechanism of the new type of PHS. 

2. Experimental Materials and Methods 

In this study, we optimize the composition of components based on 22MnB5. The design 
principles were as follows: 1. Explore the optimal composition design for reducing 
oxidation weight gain and improving adhesion of oxide layer, while considering the 
existing hot stamping process of PHS; 2. Minimize the use of alloying elements to reduce 
costs while ensuring antioxidant effectiveness. According to the national standard GB/T 
13303, high-temperature oxidation weight gain experiments were conducted on the 
designed steel grade. Materials were prepared by vacuum melting furnace (SRL-2000) and 
processed into cuboid samples (30*10*3mm3), and the scale and impurities on the surface 
were polished with sandpaper (1500CW). After cleaning with ultrasonic cleaning 
instrument (040SD), the samples were heated at 930 ℃ for 5min and 10min in a heating 
furnace (SX-ES12123) and cooled to room temperature in the air. The mass before 
oxidation experiment (m1) and the mass after oxidation experiment (m2) of each sample 
were measured using an electronic balance with an accuracy of 0.001g. The size of the 
sample before the oxidation experiment was measured using vernier caliper with accuracy 
of 0.01mm, and the area (S) was calculated. Three parallel samples were used in each 
experiment, and the oxidation weight gain ratio and weight gain per unit area were 
calculated accordingly. 

Composition optimization was conducted into two stages: The first stage involved 
exploring the influence of adding single elements on the oxidation resistance of 22MnB5. 
According to the existing research, three typical elements (Si, Cr, Ni), known to improve 
the oxidation resistance of steel were selected, and different contents of three elements 
were added to the composition design. In the second stage, the comprehensive influence of 
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weight loss still exceeds50% when the content reaches2.0%; Conversely, increasing Ni 
content has the least obvious effect on enhancing oxidation resistance. Furthermore, 
samples P1-3, P1-4 and P1-8 suggest that, based on the similar element content increases, 
the weight loss effect follows the order of Si > Cr > Ni. Surface quality observations after 
oxidation experiment are shown in Fig 2. Samples P1-4 (1.0Cr) and P1-8 (1.0Ni) show 
obvious scale peeling, blistering and discoloration. 

 

 
Fig. 1 Oxidation weight gain ratio of single alloy elements (Holding temperature: 930 ℃; Heat preservation time: 
10 min; Atmosphere: air) 

 
（a）P1-1                              （b）P1-3 

 
（c）P1-4                               （d）P1-8 

Fig. 2 Surface quality of samples after oxidation and weight gain (a)22MnB5, (b)1.1Si, (c)1.0Cr, (d)1.0Ni. 

In the stage Ⅱ, building upon the findings of the stage Ⅰ, the content of Si element was 
further increased to 1.8%, and different contents of Cr, Mo and Cu were introduced to 
explore the combined influence of elements on the oxidation resistance of the material. The 
composition design of stage Ⅱ is shown in Table 2, the results of oxidation experiment are 
shown in Fig 3, and the surface quality of the oxidized sample is shown in Fig 4. 
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Table 2 Compositional design list of influencing factors of multi-alloy elements (wt.%) 

Number C Si Mn Al Cr B Ti Mo Cu 

P2-1 0.24 1.8 1.32 0.031 0.6 0.0021 0.031 0 0 

P2-2 0.24 1.8 1.32 0.031 1.0 0.0021 0.031 0 0 

P2-3 0.24 1.8 1.32 0.031 0 0.0021 0.031 0.2 0 

P2-4 0.24 1.8 1.32 0.031 0 0.0021 0.031 0.4 0 

P2-5 0.24 1.8 1.32 0.031 0 0.0021 0.031 0 0.05 

P2-6 0.24 1.8 1.32 0.031 0 0.0021 0.031 0 0.3 

P2-7 0.24 1.8 1.32 0.031 0 0.0021 0.031 0 0.7 

 
Fig. 3 Oxidation weight gain ratio of multi-alloy elements (Holding temperature: 930 ℃; Heat preservation time: 
5 min; Atmosphere: air) 

 
（a）P2-2                                （b）P2-4 

Fig. 4 Surface state after experiment (a)1.8Si+1.0Cr, (b)1.8Si+0.4Mo. 

The experimental results of the stage Ⅱ show that multi-element composite oxidation 
weight gain ratio is significantly lower than that of individual element. Specifically, Si 
combined with other elements exhibits notable improvements in oxidation resistance, 
particularly the combination of Cr and Mo with Si. For instance, the oxidation weight gain 
ratio of 1.8Si+1.0Cr is about 0.002%, with an oxidation weight gain per unit area of about 
0.125 g/m2. Meanwhile, the oxidation weight gain ratio of 1.8Si+0.4Mo is about 0.001%, 
with an oxidation weight gain per unit area of about 0.119 g/m2. While, both the component 

1.8Si+0.6Cr

1.8Si+1.0Cr

1.8Si+0.2Mo

1.8Si+0.4Mo

1.8Si+0.05Cu

1.8Si+0.3Cu
1.8Si+0.7Cu

P2-1 P2-2 P2-3 P2-4 P2-5 P2-6 P2-7
0.000

0.005

0.010

0.015

0.020

0.025

O
xi

da
tio

n 
w

ei
gh

t g
ai

n 
ra

ti
o 

(%
)

Number

 Oxidation weight gain ratio 
 Mass gain per unit area

0.0

0.5

1.0

1.5

2.0

M
as

s 
ga

in
 p

er
 u

ni
t a

re
a 

(g
/m

2 )

328             X. Pu et al.



 
combinations showed excellent oxidation resistance, the surface of P2-4 (1.8Si+1.0Mo) 
appears black with discolored oxide layer was, whereas P2-2 (1.8Si+1.0Cr) exhibits 
uniform surface quality with metallic luster. In addition, the price of Mo powder is about 
300 yuan/kg, and the price of Cr powder is about 110 yuan/kg. Considering the cost-
effective composition design principle, 1.8Si+1.0Cr is finally selected as the optimal 
composition design. 

3.2. Oxidation kinetics analysis 

The TGA oxidation weight gain experiment was carried out on the material composition 
sample established in Section 3.1, alongside22MnB5, and the oxidation weight gain-time 
curve per unit area of the material was shown in Fig 5. The results show that under the 
same conditions, the oxidation weight gain of the design composition sample is about 1.71 
mg/cm2 at the end of heat preservation, representing an 88 % reduction compared to 13.93 
mg/cm2 for 22MnB5. Throughout the heating stage, no obvious changes were observed in 
the early stage of oxidation, with noticeable oxidative weight gain appearing around 850 ℃, 
and rapidly increasing as the temperature reaching 950 ℃. During 30-min temperature 
holding stage, the oxidation weight gain curve of 1.8Si+1.0Cr is parabolic, indicating that 
a dense layer is formed on its surface that hinders the further oxidation of the matrix[12, 13]. 
The oxidation kinetics model established according to Kofstad (formula 3) is expressed as ： 

ሺ∆Wሻଶ ൌ 𝐾𝜏                                                           (Eq 3) 

In this Eq.3, ∆W is oxidation weight gain per unit area, in mg/mm2; 𝜏 is oxidation time, 
in min; 𝐾 is a constant of oxidation rate. Therefore, we can calculate the 𝐾 of 22MnB5 
in the condition of 950 ℃ for 30 min is 6.68 mg2cm-4min-1, 1.8Si+1.0Cr is 0.09883 mg2cm-

4min-1 in the same condition. The fitting degrees of both are above 0.99. It can be concluded 
that the oxidation rate constant of 1.8Si+1.0Cr is about two orders of magnitude smaller 
than that of 22MnB5 at 950 ℃ for 30min. All the above results show that the antioxidant 
properties of 1.8Si+1.0Cr are better than those of 22MnB5, which is consistent with the 
results of 3.1. 

3.3. Phase analysis 

The phase analysis of the surface oxide layer of the TGA experimental sample of 
1.8Si+1.0Cr in Section 3.2 was carried out, and the XRD pattern extending from the surface 
to the matrix was obtained. The analysis results are shown in Fig 6. These results show that 
after the oxidation experiment at 950 ℃+30 min, the oxide layer on the surface of 
1.8Si+1.0Cr comprises Fe2O3, and the diffraction peak of Fe element indicates that X-ray 
diffraction reaches the matrix. The analysis shows that the presence of Fe-Si/Cr-O 
compounds such as Fe2SiO4 and FeCr2O4

[14, 15], within the surface oxide layer. These 
compounds exhibit a spinel structure like Fe3O4, characterized by a cubic crystal system, 
wherein ions are densely packed and arranged, resulting in a compact crystal structure. 
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Fig. 5 TGA experimental results (Heating rate: 100k/min; Holding temperature: 930℃; Heat preservation time: 
30min; Atmosphere: air) 

 

 
Fig. 6 XRD energy spectrum analysis of oxide layer of TGA experimental sample of 1.8Si+1.0Cr 

3.4. Microstructure analysis of oxide layer 

The TGA experimental samples discussed in Section 3.2 were characterized by cross-
section microstructure and elemental analysis, and the characterization results are shown 
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in Figure (7-9). According to the characterization results, after oxidation experiment at 
950 ℃+30 min, the thickness of 22MnB5 oxide layer is about 156 μm, showing obvious 
layered structure, and the oxide layer Ⅰ is relatively dense, and the oxide layer Ⅱ is loose 
and easy to fall off; The thickness of 1.8Si+1.0Cr oxide layer is about 5 μm, and the oxide 
layer is also layered, and its oxide layer II is thin and closely combined with the matrix. 
The EDS results show that the oxide layer of 22MnB5 primarily consisted of Fe-O 
compound, whereas oxide layer II near the matrix is rich in Si-Cr. and the O element does 
not penetrate into the matrix, but the Fe element diffuses fully. The oxide layer II with 
1.8Si+1.0Cr also has obvious enrichment of Si and Cr elements, and oxygen elements are 
blocked on the surface of the matrix, indicating that the enriched layer effectively prevents 
the infiltration of oxygen elements. The thickness of 1.8Si+1.0Cr oxide layer Ⅰ is much 
thinner than 22MnB5, which indicates that the external diffusion of Fe element is hindered, 
limiting its contact with air. Therefore, the Si-Cr-rich layer formed on the surface of 
1.8Si+1.0Cr at high temperature oxidation stage is considered the main factor contributing 
to its enhanced oxidation resistance. 

 

 
Fig. 7 SEM micrograph of the oxide layer cross section of TGA experimental sample (a) 22MnB5, (b) is an 
enlarged view of (a) red box area; (c)1.8Si+1.0Cr, and (d) is an enlarged view of (c) red box area. 

According to the intensity of XRD diffraction peak and the distribution of EDS 
elements, it is inferred that the oxide layer I in Fig 7(d) comprises Fe2O3, while the oxide 
layer II is Fe2SiO4+FeCr2O4 composite oxide. Research indicates that following oxidation 
of 22MnB5 at 950°C for 30 minutes, FeO is the primary oxide layer component. This 
progressive reaction process involves the initial formation of FeO when Fe diffuses 
outward, followed by full reaction with O to form Fe2O3, with a transition zone of 
FeO+Fe2O3 (i.e., Fe3O4) in between.  However, the dense oxide layer formed on the surface 
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of 1.8Si+1.0Cr impedes the Fe diffusion, leading to the formation of substantial Fe2O3 in 
the absence of significant FeO presence in the XRD results. This result further proves that 
the Si-Cr enrichment layer has a positive effect on improving oxidation resistance[16, 17]. 

 

 
Fig. 8 EDS energy spectrum analysis of oxide layer cross section of 22MnB5 TGA experimental sample. 

 
Fig. 9 EDS energy spectrum analysis of oxide layer cross section of 1.8Si+1.0Cr TGA experimental sample. 

4. Conclusion 

(1) The order of the influence of alloying elements on the antioxidant capacity of 
22MnB5 is Si > Cr > Ni. 

(2) Based on the principle of low cost and short-term oxidation, the composition ratio 
of 1.8Si+1.0Cr is preferred. 

(3) Following oxidation at 950 ℃ for 30 min, the oxidation weight gain curve of 
1.8Si+1.0Cr exhibits a parabolic trend, with noticeable Si and Cr enrichment observed at 
the interface between the matrix and the oxide layer. Through phase analysis, the 
enrichment layer primarily consists of Fe2SiO4 and FeCr2O4 spinel, effectively impeding 
the outward diffusion of Fe ions and the inward diffusion of O ions, thus improving the 
high-temperature oxidation resistance of PHS. 

The significance of this paper lies in significantly improving the high-temperature 
oxidation resistance of 22MnB5 through the addition of oxidation resistance elements and 
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thoroughly analyzing its oxidation resistance mechanism. This work provides insights for 
designing a new type of uncoated and oxidation-resistant PHS. 
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