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1. Introduction
In recent years, the application of hot-stamped auto parts as a 

means of reducing automobile weight has been expanding. Fig. 1 il-
lustrates schematically the hot stamping process, in which the steel 
sheet is first heated to an austenitic temperature (Ac3 or higher). It is 
then taken out of the furnace and transferred to the press machine, 
where it is formed and quenched by water-cooled dies.1) Boron 
steels with added elements, e.g., Mn and B, are used as materials for 
hot stamping.2) The typical chemical composition of boron steel 
sheet is shown in Table 1. Using this steel sheet, it is possible to hot 
stamp auto parts with a tensile strength of about 1,500 MPa. A ma-
jor advantage of hot stamping is that it offers excellent shape fix-
ability of the stamped steel sheet, whereas the poor shape fixability 
of ultrahigh-strength steel sheet subjected to cold stamping is a ma-
jor drawback. Hot stamping permits the manufacture of auto parts 
with high strength and excellent shape accuracy.

To investigate the formability of steel sheet under high tempera-

tures, studies on formability have been conducted in warm forming 
using heated tools.3, 4) However, limited information is available re-
garding the press formability of steel sheet in hot stamping utilizing 
higher temperatures and cold tools. Therefore, we studied basic 
characteristics of press formability and developed an FEM simula-
tion technique for hot stamping coupling heat treatment and plastic 
deformation to study the formability of actual automotive parts of 
complicated shapes. In addition, we discussed the corrosion resis-
tance of hot-stamped parts of aluminized steel sheet.

2. Formability of Steel Sheet in Hot Stamping
2.1 Shape fixability in bending work 5, 6)

When a steel sheet is formed, it exhibits an elastic recovery cor-
responding to the forming force applied. Therefore, the amount of 
elastic recovery increases when a higher strength steel sheet is 
formed, causing its springback to increase and its shape fixability to 
decrease. By applying hot stamping, however, it is possible to obtain 
parts with high strength and good shape fixability. Therefore, we 
initially compared the differences in shape fixability between hot 
stamping and cold stamping for various steel sheets of different 
strength. Fig. 2 illustrates the appearances of stamped steel sheets, 
and Fig. 3 shows the relationship between the amount of springback 
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Fig. 1   Schematic diagram of hot stamping process

Table 1   Chemical compositions of hot stamped steel sheet 2)

C Mn Cr B
0.22 1.2 0.2 0.002
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and the strength of the steel sheet. For cold stamping, the amount of 
springback increases with increasing sheet strength. Conversely, the 
springback in hot stamping is almost zero. Thus, it has been found 
that shape fixability is much better for hot stamping than for cold 
stamping.

It should be noted, however, that a forming force occurs even in 
hot stamping and that the steel sheet might be subject to correspond-
ing springback. Furthermore, the steel sheet in hot stamping under-
goes martensite transformation while being held at the bottom dead 
point after the press forming. This process may affect the stress in-
troduced into the steel sheet during the forming process. Therefore, 
we have chosen to study the influence of martensite transformation 
on shape fixability.

We used a specimen of aluminized steel sheet for hot stamping 
(0.2%C steel in Table 2 and Fig. 4). As reference steels, we used 
270 MPa IF steel (hereinafter referred to as IF steel) and SUS 304, 
both of which exhibit a transformation behavior different from that 
of 0.2%C steel. After the three steel sheets were heated to 950°C, 
they were air cooled and the forming start temperature was varied 
between 400°C and 800°C. When air cooled to 550°C or lower, the 
steel sheet for hot stamping transformed into bainite; the sheet was 
austenite at the forming start temperatures in the range 600°C to 
800°C and transformed to martensite while being held at the bottom 
dead point after forming When the forming start temperature was 
500°C or lower, the steel sheet transformed to bainite before form-
ing; hence, martensite transformation did not occur while the sheet 
was held at the bottom dead point after forming. Conversely, the IF 
steel and SUS 304 were ferrite and austenite, respectively, for the 
abovementioned temperature range, and neither of these steels un-
derwent any transformation during forming or while being held at 
the bottom dead point on the press. The phases of the three types of 
steel in the forming temperature range are shown in Table 2.

Fig. 4 shows the influence of forming temperature on shape fix-

ability of each type of steel. The steel sheet for hot stamping showed 
good shape fixability when the forming temperature was as high as 
550°C to 800°C, and martensite transformation took place after 
forming. However, when the forming temperature was below 
500°C, the temperature at which bainite transformation began, the 
shape fixability of the steel sheet deteriorated sharply. Furthermore, 
the IF steel and SUS 304, which were free from any transformation, 
exhibited springback even when the forming temperature was 
800°C. Their shape fixability deteriorated continuously with the de-
cline in the forming temperature, which we attribute to the increase 
in deformation resistance as the forming temperature was lowered. 
In the case of the steel sheet for hot stamping, the amount of spring-
back was very small at a high forming temperature, where martens-
ite transformation took place after forming. However, the steel sheet 
exhibited considerable springback for a forming temperature beyond 
bainite transformation, indicating that its shape fixability is influ-
enced more or less by martensite transformation.

Fig. 5 illustrates the relationship between shape fixability and 
hot tensile strength. For the IF steel and SUS 304 (which are free 
from martensite transformation after forming) and the steel sheet for 
hot stamping formed at 400°C, there is a linear relationship between 
shape fixability and hot tensile strength. Conversely, the steel sheet 
for hot stamping that was formed in the austenite region (at 600°C, 
700°C, and 800°C) and underwent martensite transformation after 
forming exhibited very low shape fixability regardless of its hot ten-
sile strength. The above observations suggest that, when martensite 
transformation takes place after forming, the steel sheet for stamp-
ing displays good shape fixability regardless of its hot tensile 
strength.

Fig. 2   Comparison of shape fixability between cold and hot stamped parts

Fig. 3   Relation between spring-back and tensile stress of steel sheet

Fig. 4   Dependence of shape fixability on forming temperature

Table 2   Phases of the each type of steels at the forming start temperature

Forming temperature 
(℃)

0.2%C steel IF steel SUS304

800 γ α γ
700 γ α γ
600 γ α γ
550 γ – –
500 B α γ
450 B – –
400 B α γ

γ: austenite      α: ferrite      B: bainite
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From the above results, we concluded that the steel sheet dis-
plays excellent shape fixability when it undergoes martensite trans-
formation after forming, which we explain as follows. A stress cor-
responding to deformation resistance is introduced into the steel 
sheet during forming. Subsequently, if martensite transformation 
does not take place, the stress that has been introduced into the steel 
sheet during forming remains there even after cooling. The stress is 
relieved only after the steel sheet is removed from the press, causing 
springback. Conversely, if martensite transformation takes place af-
ter forming, the stress introduced into the steel sheet during forming 
is reduced by martensite transformation, causing the amount of 
springback to decrease markedly. A transformation plasticity that 
occurs in the direction in which the stress is relieved during the 
transformation has been considered as the mechanism whereby mar-
tensite transformation relieves the stress.7, 8)

2.2 Stretch formability 9)

Fig. 6 shows the limiting dome heights for several different steel 
sheets in a spherical stretch forming test. The tools used in the test 
included a punch (R = 50 mm) and dies (R = 20 mm and 5 mm). 
Here hot stamping exhibited a forming limit comparable to that of 
270 - 440 MPa steels in cold stamping and much higher than that of 
1,470 MPa steel in cold stamping.

Fig. 7 shows the thickness and cross-sectional hardness distribu-
tions in the hot-stamped samples in which necking occurred. The 
flanges and the part at the center of the punch had been hardened to 
about HV 400 to 500. Conversely, the hardness of the other parts of 
the steel sheet, which were considered to have been out of contact 
with the tools, had decreased. In general, such a decrease in hard-
ness can be avoided since the dies are designed such that they make 
contact with the entire surface of the steel sheet being formed. With 
the increase in distance from the center of the punch, the steel sheet 
gradually decreased in thickness and displayed its smallest thickness 
in the vicinity of the part where the steel sheet separated from the 
tool.

Fig. 8 compares the thickness distribution of cold-stamped and 
hot-stamped steel sheets. We found that the decrease in sheet thick-
ness at the part in contact with the punch was less conspicuous in 
hot stamping than in cold stamping, and that the strain in the steel 
sheet was comparatively uneven, concentrated in the fracture-sensi-
tive part.

The part of the steel sheet at the center of the punch and the 
flanges (which we consider to have been subjected to sufficient sur-
face pressure through contact with the tool) exhibit appreciable 

quench hardness. We believe that these parts were subjected to a 
considerable decline in temperature during forming because of the 
transfer of heat to the dies; hence, the sheet deformation resistance 
increased significantly. Conversely, for the parts not in contact with 
the tool, the transfer of heat was achieved by air cooling in the 
thickness direction and at the surface of the steel sheet. Therefore, it 
is believed that the decline in temperature during forming and the 
deformation resistance of these parts are smaller than those of the 
parts in contact with the tool. As a result, the deformation of the 

Fig. 5   Dependence of shape fixability on hot tensile strength
Fig. 6   Comparison of limiting dome heights by hot and cold stamping

Fig. 7   Distribution of thickness and hardness of hot stamped parts

Fig. 8   Comparison of thickness distributions by hot and cold stamping
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steel sheet concentrates in the highly strained part around the center 
of the punch, where the tool does not make contact with the sheet. 
This is considered to cause necking in the part indicated in Fig. 7, 
eventually causing fracturing.

In ordinary stretch forming, the uniformity of deformation of the 
material is influenced by the shape of the tool (part), the coefficient 
of friction between the tool and the material, and the n-value (work 
hardening coefficient) of the material. In hot stamping, a change in 
the temperature of the material caused by the transfer of heat 
through contact with the tool results in uneven material properties. 
This is also considered to influence the uniformity of deformation of 
the material and govern the forming limit.
2.3 Draw bending formability 10)

We studied the forming limit in draw bending, in which the 
flanges are free from deformation, as a basic investigation of the 
deep drawability of steel sheet. Here strip specimens were used, 
each measuring 1.4 mm × 100 mm × 400 mm, and the influences of 
forming speed and blank holding force on forming limit were stud-
ied using the draw bending tool illustrated in Fig. 9.

Fig. 10 shows the appearance of a fractured part; it can be seen 
that the fracture occurred in the part between the punch shoulder R 
and the die shoulder R. The mode of fracture was always as shown 
in the Fig. 2, regardless of the forming conditions.

Fig. 11 shows the effects of forming height, forming speed, and 
blank holding force on draw bendability under a forming start tem-
perature of 800°C and blank holding forces of 2.3, 3.7, and 5.7 tonf. 
It can be seen from the figure that a fracture tends to occur easily 
when values of both forming speed and blank holding force are 
high.

Fig. 12 shows the relationship between critical forming speed 
and critical blank holding force in terms of fracture, derived from 
the above results and the results of a test using a forming start tem-
perature of 700°C. The low-speed side under each of the two 
straight lines represents the formable region. It is clear from the fig-
ure that the smaller the blank holding force, the lower the forming 
start temperature; additionally, the lower the forming speed, the bet-
ter the draw bendability in hot stamping.

It is assumed that the fracture-sensitive part that does not make 
contact with the tool increases in temperature and decreases in de-
formation resistance during draw forming. Conversely, when the 

forming speed and forming start temperature are low, it is assumed 
that the fracture-sensitive part between the punch shoulder and die 
shoulder increases in terms of deformation resistance and becomes 
less sensitive to fractures. Thus, the temperature at the center of the 
side wall in the early stages of forming was assumed to be the factor 
governing draw bendability in hot stamping.
2.4 Corrosion resistance of hot-stamped aluminized steel sheet

It has been reported that the corrosion resistance of hot-stamped 
aluminized steel sheet (coating weight: 160 g/m2 both side) is com-
parable to that of an ordinary rust-preventive steel sheet—galvan-
nealed (GA) steel sheet or  galvanized (GI) steel sheet.2, 11, 12) It has 
also been reported that aluminized steel sheet displays a laminar 
structure, as shown in Fig. 13, when it is heated in a hot stamping 
process.12) Let us name the five layers a, b, c, d, and e from top to 
down. Layers a and c contain about 50% Al, which is estimated to 
consist mainly of Fe2Al5. Conversely, layers b and d contain about 
30% Al and are of Fe-rich phase. Layer e, which is nearest to the 
steel sheet, is of α-Fe phase and contains 10% or less Al in the form 

Fig. 9   Cross-sectional profiles of tool

Fig. 10 Aspects of fracture part (formed under a temperature of 800 
°C, at a rate of 12.7mm/s, with a blank holder force of 2.3 tonf 
and to a height of 30mm)

Fig. 11 Effects of forming heights, forming speeds and blank holder 
forces affecting formability (under a temperature of 800 °C at 
the start of forming)

Fig. 12 Relation between minimum forming speeds and blank holder 
forces when fracture occurred



NIPPON STEEL TECHNICAL REPORT No. 103 MAY 2013

- 51 -

of solid solution.
The corrosion potential of each of layers a - e in 5% NaCl solu-

tion has been measured with the aim of characterizing the corro-
sion behavior of the above steel material.11) The solution used for 
measurement was adjusted to pH7 and a saturated calomel electrode 
was used as a reference electrode. For comparison, aluminized steel 
sheet, cold-rolled steel sheet, and GA sheet were also measured. The 
results of measurement of corrosion potential relative to Al concen-
tration are shown in Fig. 14. In the corrosive environment, layers a 
and c display a less noble potential than the steel sheet, whereas lay-
er b has a slightly nobler potential than the steel sheet. However, all 
three of these layers (a - c) display a potential nobler than that of  Al-
Si. Except for layer b, the corrosion potential of the layers is propor-
tional to the Al concentration: the higher the Al concentration of a 
layer, the closer its potential is to that of Al. On the basis of these 
measurements of corrosion potential, it is assumed that layers a and 
c exhibit a less noble potential than layer b and corrode preferential-
ly.

As shown in Fig. 14, the materials under consideration have a 
less noble potential than the steel sheet in the corrosive environ-
ment. However, since the potential difference between them is small 
compared to that between Zn-coated materials, it is necessary to 
confirm corrosion resistance when the plating is scratched or 
cracked. Using hat-shaped parts such as those shown in Fig. 2, we 
evaluated the corrosion resistance of the vertical walls and horizon-
tal flanges. The ordinary phosphate coating and cataphoretic paint 
processes for automobiles were applied under standard conditions. 
The target cataphoretic paint thickness was 20 μm. Each specimen 
whose paint was scratched was subjected to 150 cycles (50 days) of 

JASO-CCT tests (JASO-M610-92), and the width of the paint blis-
ter and depth of the steel substrate’s corrosion after the test were 
measured.

The heating temperature was 950°C and the holding time was 
varied from 0 min (the specimen was cooled down immediately af-
ter reaching 950°C) to 4 min. The measurements of the paint blister 
width after the JASO-CCT test are shown in Fig. 15. For the flat 
flanges that were formed to a small degree, the blister became wider 
for longer holding times. Conversely, the blister width of the paint 
on the vertical walls was small overall, about half that on the flat 
parts. Under all test conditions, the depth of corrosion of the steel 
substrate was smaller than that of GA.

Observation of the walls of formed parts revealed cracks in the 
plating layer. However, a layer of phosphate coating had formed at 
the root of these cracks. A similar (but partial) layer of phosphate 
coating was also observed on the wall surfaces. It has previously 
been assumed that an alloyed Al-Fe surface such as that on steel 
sheet for hot stamping would be free from deposition of phosphate 
crystal:2) although the phosphating reaction requires etching by the 
phosphating solution, the oxide film formed on the Al-Fe surface is 
barely etched by such a solution.

It is estimated that, on the walls and other parts that were sub-
jected to a strong sliding force, the oxide film formed and was de-
stroyed and the phosphating crystal formed locally. It has been 
shown that the coating adhesion of ordinary zinc-coated steel sheet 
improves markedly as a phosphate coating is formed and that the 
phosphate coating acts as a pH buffer in the corrosion of the sub-
strate beneath the paint.13) A similar process is thought to occur on 
the Al-Fe surface, effectively enhancing the rust-preventive effect of 
the coating. Namely, although cracks occur in the plating on formed 
parts, the rust-preventive effect of phosphate coating is thought to 
more than offset the corroding effect of the cracks, thereby improv-
ing the corrosion resistance of the formed parts. In this subsection, 
the corrosion resistance of aluminized steel sheet has been dis-
cussed. Recently, the application of Zn-coated steel sheet with good 
corrosion resistance has also been increasing.

3. FEM Simulation of Hot Stamping
3.1 Necessity of FEM simulation for hot stamping process

During the hot stamping process, the steel sheet is first heated to 
900°C or over and then formed while still hot (at temperatures 
around 800°C). Subsequently, the steel sheet is cooled rapidly by 
dies at 150°C or lower to increase its strength by hardening. During 

Fig. 13 Cross-section of the surface layer after holding at 900 °C for 2 
minutes

Fig. 14 Influence of Al content on the corrosion potential of materials 
in the 5% NaCl solution

Fig. 15   Comparison of blister width between flat parts and wall parts
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forming, a marked temperature difference occurs between the part 
of the steel sheet in contact with the dies and the part not making 
contact, changing the strength of the steel sheet. As a result, the 
formability of steel sheet changes in a complicated manner accord-
ing to, forming temperature in hot stamping (unlike in cold stamp-
ing). Therefore, in order to understand the conditions of steel sheet 
forming and predict the formability of steel sheet on actual parts of 
complex shape, it is essential to analyze forming coupled with ther-
mal effect. Recently, such a structural–thermal coupled FEM simu-
lation was incorporated into a general structural FEM program de-
veloped for press forming. However, owing to the difficulty in-
volved in measuring high-temperature properties and grasping the 
conditions of forming, there are problems yet to be solved in terms 
of setting analysis conditions and evaluating analysis results. There-
fore, Nippon Steel Corporation is pressing ahead with the develop-
ment of new simulation methods mainly by LS-DYNA.
3.2 Identifying parameters for thermal calculations

The values of high-temperature mechanical properties and fric-
tion and heat transfer coefficients necessary for structural–thermal 
coupled analysis were obtained by experimentation.
3.2.1 Mechanical properties at high temperatures

High-temperature stress–strain curves were defined on the basis 
of the results of a high-temperature strength test of aluminized steel 
sheet for hot stamping, taking into account temperature and strain 
rate, as shown in Fig. 16.
3.2.2 Friction coefficient

Ordinarily, in hot stamping lubrication was not used; therefore, 
the friction coefficient applicable in the forming process is estimated 
to be high. Nevertheless, little information exists about the friction 
coefficient applicable in high-temperature regions. Therefore, hot 
test pieces were subjected to a drawing test machine for cold sheets, 
as shown in Fig. 17, to determine the appropriate friction coeffi-
cient. The friction coefficient to be used in the FEM simulation was 
determined to be 0.5 to 0.6 on the basis of the test results. This value 

is comparable to that presented in a recent report.14)

3.2.3 Heat transfer coefficient
The heat transfer coefficients most appropriate to the boundary 

conditions for the FEM simulation were determined using the ex-
perimental setup for hot stamping and thermal measurement shown 
in Fig. 18. Another die configuration for forming was tested in addi-
tion to the configuration for deep drawing shown. Thermographs 
obtained are shown in Fig. 19. The temperature changes were ana-
lyzed and heat transfer coefficients at the individual parts of the dies 
were calculated on the basis of the thermographs obtained before 
and after hot stamping. Fig. 20 shows the results of heat transfer co-
efficients for both drawing and forming. In drawing, the shoulder R 
and emboss in strong contact with the dies exhibit a high heat trans-
fer coefficient; in forming, however, the calculated heat transfer co-
efficients are somewhat lower because there are many noncontact 
processes and the temperature changes are small. It should be noted 

Fig. 16   Basic pattern of stress-strain curve at high temperature

Fig. 17 Measurement of friction coefficient by drawing test on high 
temperature

Fig. 18   Experimental set-up for hot stamping and thermal measurement

Fig. 19   Temperature distribution before and after hot stamping

Fig. 20 Heat transfer coefficients between surfaces of blank and tool 
calculated from temperature histories
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that the negative value for the wall in drawing is due to the influence 
of the heat generated by plastic work in the portion of a fracture. In 
both drawing and forming in our test, the temperature region was 
roughly divided into contacting and noncontacting areas. Therefore, 
the heat transfer coefficient in the FEM simulation was given as a 
function of distance between the contact faces, as shown in Fig. 21.
3.3 Simulation model

A structural–thermal coupled simulation corresponding to the 
above test was carried out using the structural FEM program LS-
DYNA (Ver. 971). The model configuration is shown in Fig. 22. 
Elastic–plastic shell elements were used to represent the blank and 
rigid shell elements to represent the tools. The blank element size 
was approximately 2 mm. In accordance with the measurement re-
sults, the initial blank temperature was set in the range 700°C to 
850°C and the initial die temperature was set at 80°C. The condi-
tions of heat transfer were reproduced by defining a heat capacity 
based on a virtual thickness defined for the tools.

The influence of element size on the accuracy of judgment of 
heat transfer (contact) at curved surfaces may be considered a prob-
lem in the performance of the necessary calculations. As shown in 
Fig. 23, the smaller the element size, the higher the accuracy of tem-
perature calculation. Naturally, however, subdividing the element 
increases calculation time significantly.

However, close observation of the temperature distribution after 
the test forming revealed that the die shape characteristics were 
more or less reflected in the temperature distribution. Therefore, we 
developed a method for correcting the temperature distribution in, 
e.g., curved sections that are subject to the influence of mesh size by 
referring to the geometrical shape of each individual part. The re-
sults of the calculations applying this method in hot drawing are 
shown in Fig. 24. While using an element size of about 2 mm, 
which is common in cold forming analysis, both the temperature 
distribution and forming force and the fracture during forming could 
be reproduced as a local element deformation. Fig. 25 illustrates the 
results obtained by applying this method in hot forming. We con-
firmed that the calculated temperature distribution, forming force, 
and thickness reduction agree well with the corresponding measured 
values.
3.4 Application of FEM simulation to actual parts 

We applied the newly constructed condition correction technique 
in a hot forming simulation of an industrial part and compared the 
simulation results with test results. The part tested was a B-pillar 
model that was hot formed on a crank press at an operating speed of 
30 spm (initial forming speed: 300 mm/s). Fig. 26 shows examples 
of comparison between the simulation results and the test results. 
Comparison of the thermal images shown in (a) confirmed that the 
calculated and measured temperature distributions almost agree. In 
the test, the wall portion was partly fractured. As shown in (b), the 
fractured part agreed with the part that exhibited a thickness reduc-
tion ratio of 30% or more in the analysis. Since other analyses have 
confirmed similar results, we consider it possible to predict fractures 
by studying thickness reduction.

Fig. 21 Boundary condition for heat transfer defined by experimental 
results

    (a) Drawing model    (b) Forming model

Fig. 22   Simulation models for hot stamping

Fig. 23 Influence on accuracy of thermal calculation with mesh size of 
simulation model

Fig. 24   Comparison of results between hot drawing test and simulation

Fig. 25   Comparison of results between hot forming test and simulation
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4. Conclusion
Here, we have described the basic press formability in hot 

stamping, the corrosion resistance of pressed parts, and forming 
analysis technology. In terms of press formability, we found that ex-
cellent shape fixability of steel sheet can be obtained because of the 
effect of its martensite transformation during quenching after form-
ing. We also found an uneven temperature distribution as a result of 
contact between the steel sheet and the tool during forming and dis-
covered that the resulting unevenness of material characteristics 
governs the forming limit. Furthermore, we found that aluminized 
steel sheet for hot stamping has an Al-Fe alloy layer with good cor-
rosion resistance on the surface, that this layer retains its good cor-
rosion resistance even if cracked during press forming, and that a 
phosphate crystal is deposited on the formed parts. As for the FEM 
simulation of forming, we accurately identified mechanical proper-
ties and friction and heat transfer coefficients under high tempera-
tures, developed a heat transfer model reflecting the geometrical 

shapes of parts, and thereby developed a new simulation technique 
applicable to actual automotive parts.

Hot stamping permits the manufacture of high-strength parts 
with good shape fixability. Using hot-stamping-coated steel sheet, it 
is also possible to obtain parts with good corrosion resistance. We 
hope that the basic knowledge relating to press forming and the 
forming analysis technique presented in this report will help expand 
the application of hot stamping and further reduce the weight of car 
bodies in the future.
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