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Traditional boron steel hot stamping technology can achieve components with full martensite and tensile
strength of 1500 MPa. However, fully martensitic hot stamped components exhibit very low level of duc-
tility and are rarely used in energy absorbing structures. Hot stamping with segmented heating and cooling
tool can obtain multiphase quenched structures and the tailored mechanical properties. Hot stamping
experiment of U-shape component was performed with segmented heating and cooling tool. Mechanical
properties of the formed component were measured, and scanning electron microscope and color tint
etching were used to quantify the quenched phases achieved under different tool temperatures. The results
showed that hardness value decreased from 470 to 230 HV and tensile strength reduced about 50% from
1406 to 730 MPa and elongation increased from 4.19 to 10.20% as tool temperatures increased from 25 to
500 °C. Meanwhile, martensite decreased from 85 to 30% and bainite increased from 12 to 55%, and there
was also a small increase in ferrite. In order to get the influence of quenched phases on the strength and
hardness of tailored hot stamped component, linear fitting optimization was used to establish mathematical
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models for area fraction of quenched phases and strength and hardness.
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1. Introduction

Hot stamping of boron steel is increasingly used in
automotive industry. It can achieve full martensite structure
by forming and quenching rapidly in cold tool and then get the
component with tensile strength of 1500 MPa (Ref 1, 2).
However, fully martensitic hot stamped components exhibit
very low level of ductility and are rarely used in energy
absorbing structures (Ref 3, 4). To improve the energy
absorption, a hot stamped component with tailored mechanical
properties is newly developed. A hot stamped B-pillar, for
example, could be improved by reducing the martensite content
at the lower region to improve the deformation and energy
absorption, while maintaining a fully martensitic microstructure
at the upper region where intrusion resistance is essential as
shown in Fig. 1. According to the CCT diagram of boron steel,
cooling rates less than the critical rate of 30 °C/s will result in
the formation of lower strength and softer phases, such as
ferrite and bainite (Ref 5). Bardelcik (Ref 6) and Li (Ref 7)
have studied the influence of different cooling rates on
quenching microstructure of boron steel. Increasing tool
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temperature is an effective way to reduce the cooling rate.
Some researchers have studied the influence of tool temperature
on the properties of the hot stamped component (Ref 8-13). The
results show that strength and hardness of the component
decrease and ductility increases with the increase in tool
temperatures. The previously mentioned studies have found the
influence of tool temperature on properties but did not quantify
the quenched microstructure. There are also few reports about
studies on the relationship between the area fraction of
quenched phases and mechanical properties at present.

Based on the deficit in published researches, hot stamping
experiments were performed on boron steel U-shape compo-
nent with segmented heating and cooling tool in this paper.
Quenched phases under different tool temperatures could be
accurately achieved to control the tailored mechanical proper-
ties. Quantitative measurement of quenched phases was
conducted with scanning electron microscope and color tint
etching. Tensile and hardness tests were carried out on the
components with different quenched phases to get the relation-
ship between the area fraction of microstructure and mechanical
properties.

2. Experimental Study

2.1 Hot Stamping Experiments with Segmented Heating
and Cooling Tool

The material used for this experiment is Usibor 1500P boron
steel with a thickness of 1 mm, and the chemical composition is
as follows: C, 0.22; Mn, 1.23; Si, 0.25; B, 0.004; P, 0.008; Cu,
0.03; Ni, 0.02; Cr, 0.20; A1,0.03; and Ti, 0.037. Figure 2 shows
the segmented heating and cooling tool. Cooling channels were
machined on the cooling tool, and the chilled water circulating
in them would take away the heat from hot blank to the tool.
Built-in electric cartridge heaters were installed in the heating
tool to control the tool temperatures by PID system. The
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Fig. 2 The tool with segmented heating and cooling

cooling tool was kept at 25 °C, while the heating tool
temperatures were 25, 200, 300, 400, 450 and 500 °C,
respectively. To avoid heat transfer from the heating tool to
the press, 10-mm-thick asbestos cement plates were used
between the tools and the press.

The blank was heated to 930 °C in the furnace and kept for
5 min. After the blank was austenized, it was removed from the
furnace and transferred to the tools for forming and quenching
simultaneously. Then the quenched component was removed
out of the tools for air cooling to room temperature. Transfer-
ring the blank from the furnace to the tools was for 10 s, and
quenching in the tools was for 10 s. Maximum load of the press
was 80kN.

2.2 Metallography

The specimens of 15 x 6 mm were cut from the corners of
cold zone and hot zone, respectively, for microstructure
observation. The specimens were ground, polished and cor-
roded with 4% nital solution. TESCAN Vega3 SEM was used
to make metallographic observation of quenched phases. In
order to quantify the area fractions of quenched phases, color
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tint etching was used to observe the quenched phases. The
specimens were put into 4% picral solution for 20 s and
immediately washed and dried which was followed by putting
into 10% aqueous sodium metabisulfite solution for 10 s.
ZEISS Axio.Scope.Al optical microscope was used to observe
the specimens, and it was found that martensite was brown and
bainite was black and ferrite was white. ImagePro Plus 7.0
software was used to calibrate martensite (green), bainite (red)
and ferrite (blue) in the color metallographs and then quantify
the area fractions of quenched phases.

2.3 Mechanical Properties Testing

Uniaxial tension tests were conducted on the U-shape
components quenched with tool temperatures between 25 and
500 °C at the nominal strain rate 0.003 s~ '. The specimen size
and cutting position are shown in Fig. 3. Micro-hardness
measurements were made with a HVS-1000ZDT hardness
tester using a 200-g load. Hardness specimens were cut from
the transition zone on the top surface and have a total length of
90 mm. Measurements were taken every 2 mm and were
recorded left to right.
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Fig. 3 The cutting locations and geometry of tension specimen
3. Results and Discussion

3.1 Metallographic Analysis Results

The temperature history of a component in cooling process
has an important influence on quenched microstructures and
content. It is very difficult to physically measure the temper-
ature—time history at a point within a component during the hot
stamping process. Therefore, a coupled thermal-mechanical—
microstructural finite element model in LS-DYNA FE code was
used to simulate the hot stamping process (transfer, forming
and quenching, and air cooling). Figure 4 shows the temper-
ature—time histories at the heating tool temperature of 25, 400
and 500 °C. Overlaid in Fig. 4 is the continuous cooling
transformation (CCT) diagram of the Usibor1500P boron steel.
The cooling rates are highly nonlinear; hence, the CCT is
included only for discussion purposes. The 10-s transfer
simulation predicts the blank temperature reduction due to
convective cooling from 930 °C. The second simulation is the
forming process (2 s). The third simulation is the quenching
process with 10 s holding time. The final simulation is the air
cooling operation after the component was removed from the
tools and cooled to room temperature.

Figure 5 displays the typical microstructures of quenched
components when the tool temperatures are 25, 400 and
500 °C, respectively. When the tool temperature is 25 °C, most
of the quenched structures are martensite and a small amount of
ferrite and bainite (refer to Fig. Sa). Martensite exhibits the
packets of parallel lath crystals that are characteristic of
martensite containing < 0.6% carbon (Ref 14). It is known
from the temperature—time curve that the cooling rate at the tool
temperature of 25 °C is far higher than the critical rate of
martensite transformation. A small amount of ferrite and bainite
in quenched microstructure is caused by excessive transfer
time. Studies made by Barcellona (Ref 15) and Merklein (Ref
16) have shown that deformation during quenching of boron
steels causes the CCT diagram to shift left or toward lower
quench times, which can lead to the formation of ferrite.
Figure 5b shows a martensite and bainite multiphase condition.
The characteristic feature of bainite is a ferrite matrix with
dispersed cementite particles (Ref 17, 18). A small amount of
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Fig. 4 The predicted temperature—time curves at the different tool
temperatures. The CCT diagram is overlaid for reference only

ferrite is present in Fig. 5¢ and is shown by a flat and uniform
structure (Ref 19).

By SEM metallographic observation and color tint etching
methods, the area fractions of martensite, bainite and ferrite are
determined under each tool temperatures as shown in Fig. 6.
When the tool temperature increases from 25 to 500 °C, the
area fraction of martensite reduces from 80 to 30% and bainite
increases from 12 to 55%. The area fraction of martensite
decreases slowly with the tool temperature lower than 200 °C,
while the martensite content decreases obviously when the tool
temperature is higher than 400 °C. The area fraction of ferrite
increases slightly with the increase in the tool temperature and
reaches 15% at the tool temperature of 500 °C. According to
the CCT diagram, the cooling rate decreases with the increase
in the tool temperature, resulting in an increase in bainite and
ferrite.
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Fig. 5 Various micrographs showing (from top to bottom) the SEM images, two-stage color-etched optical micrographs and the manually gen-
erated microstructure images that were used to quantify the area fractions of quenching phases at the tool temperature of (a) 25 °C, (b) 400 °C,

and (c) 500 °C
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Fig. 6 Area fractions of quenched phases under different tool tem-
peratures

3.2 Relationship Between Quenched Phases and Strength
and Hardness

Stress—strain curves at different tool temperatures are shown
in Fig. 7 (C for cold zone and H for hot zone). The values of
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Fig. 7 Stress—stain curves under different tool temperatures

yield strength (YS), ultimate tensile strength (UTS) and
elongation are listed in Table 1. Since the geometry of
specimen is not the standard one of ASTM, the elongation at
the UTS was used instead of the elongation at failure. The YS
and UTS in cold zone are over 900 and 1300 MPa, respec-
tively, and the elongation is about 4% no matter how the
heating tool temperature is changed. High strength and low

Volume 27(9) September 2018—4841



Table 1 Values of YS, UTS and elongation at different ductility of cold zone is due to its almost full martensite

tool temperatures structure. With the increase in tool temperatures, the YS and
UTS in the hot zone reduce dramatically, while the elongation

1 o, .
Sample YS, MPa UTS, MPa Elongation, % increases. The UTS reduces to the lowest 730 MPa and the

elongation reaches the maximum of 10.20% when the heating

23¢ 936 1406 4.48 tool temperature is 500 °C. The reason is that the area fraction
200C 931 1377 4.61 £ martensit d d that of bainite i h th
300C 048 1400 388 of martensite reduces and that of bainite increases wi e
400C 945 1386 4.07 increase in heating tool temperature.

450C 950 1390 4.29 An assessment of the fracture behavior for the different tool
500C 943 1384 3.97 temperatures was conducted through metallographic observa-
25H 937 1378 421 tion of the tensile fracture surfaces using optical microscope
200H 849 1296 4.67 and SEM as shown in Fig. 8. The specimen exhibits shear
300H 834 1112 4.82 fracture behavior when the tool temperature is 25 °C. The
400H 627 826 7.90 fracture surface is planar, and large surface cracks surrounded
450H 543 754 8.68 by small fibrous regions with very shallow dimples confirm the
500H 508 730 10.22

shear fracture mechanism (refer to Fig. 8a). Figure 8b and ¢
shows the classic cup and core fracture surface which indicates
ductile fracture behavior when the tool temperature is higher
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Fig. 8 Optical microscope images and SEM images of fracture surfaces at the tool temperature of (a) 25 °C, (b) 400 °C and (c) 500 °C
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than 400 °C. Well-defined and deep dimples are also shown in
the higher-magnification SEM images. The fracture surface
presents dark gray at the tool temperature of 500 °C because
the deeper dimples resulting in the decrease in the light
reflection ability.

Figure 9 shows the relationship between the UTS and area
fractions of martensite and bainite. Ferrite is not considered for
its less amount. It is found that the UTS increases with the
increase in martensite and shows a positive linear correlation.
The UTS drops with the increase in bainite and presents a
negative linear correlation. With the UTS as the dependent
variable and the area fractions of martensite and bainite as the
independent variable, the multiple linear regression analysis
was carried out and the goodness-of-fit R-squared value is
0.983. The result shows that there is a strong linear relationship
between UTS and area fractions of martensite and bainite. A
linear trendline was fit to the data and is shown as equation
UTS = 1.7 x (1512.9 x M + 1114.5 x B) — 1075.3.

Figure 10 shows the longitudinal hardness distribution at the
top of the U-shape component. It can be seen that hardness
drops as tool temperatures increase. When tool temperature is at
25 °C, the hardness value is the highest 470 HV. Akerstrém
and Oldenburg (Ref 20) found the hardness value of martensite
is 510 HV. As the quenched components contain a small
amount of ferrite and bainite, the hardness is lower than that of
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Fig. 9 Relationship between UTS and area fraction ratio of (a)
martensite and (b) bainite
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martensite. The hardness values range from 200 to 300 HV as
the tool temperature is higher than 400 °C and reach the lowest
230HV at the tool temperature of 500 °C. When the tool
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Fig. 10 Longitudinal hardness distribution under different tool tem-
peratures
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Fig. 11 Relative errors of calculated and measured values of (a)
UTS and (b) hardness
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Table 2 Comparison of experimental and calculated values

Cooling rate, °C/S Area function martensite/bainite UTS Exp., MPa UTS Cal., MPa HV Exp. HV Cal.
14 3%/97% 816 839 272 267
17 12%/88% 929 900 283 288
24 57%/43% 1203 1205 392 394
28 86%/14% 1360 1401 449 463
50 97%/3% 1447 1476 472 489

temperatures are higher than 400 °C, the dramatic drop of
hardness is due to the decrease in cooling rate caused by the
high tool temperature. High cooling rate in the quenching
process can lead to high hardness (Ref 21-24). When the tool
temperature is over 400 °C, the component temperature at the
end of the quench period is higher than the bainite transfor-
mation finish temperature of 460 °C (Ref 25). The reducing
cooling rate after the component was removed from the tool
causes the increase in bainite and the decrease in martensite,
which leads to the significant decrease in the hardness.

Multiple linear regression analysis was carried out between
the hardness and the area fractions of martensite and bainite.
The R-squared value is 0.989. Linear fitting optimization was
conducted, and the model is shown as HV = 40.2 x (20.4 x
M + 14.6 x B) — 326.5.

Figure 11 shows the relative errors of calculated and
measured values of the UTS and hardness under different area
fractions of martensite and bainite. It can be found that the
maximum relative error is < 6%, which indicates the high
reliability of the UTS and the hardness calculated by the
established models. Those models can be used to accurately
predict the strength and hardness of the hot stamped compo-
nents based on the area fractions of quenched phases.

In order to investigate the application scope of the model,
the data of UTS and hardness with different area fractions of
martensite and bainite in the literature (Ref 6) were used to
verify. Compared to the multi-segment nonlinear cooling
(transfer, forming and quenching, and air cooling) in this
paper, the cooling path in the literature (Ref 6) is continuous
under forced air. Table 2 displays the calculated values and
experimental values of UTS and hardness. It can be seen that
the calculated values obtained by the models under continuous
cooling condition are in good agreement with the experimental
values.

4, Conclusion

Hot stamping experimental device with segmented heating
and cooling tool was developed in this paper to conduct
experiments with tool temperatures of 25-500 °C and get
components with tailored mechanical properties. Microstruc-
ture analyses and mechanical property tests were carried out on
the components, and the following conclusions can be drawn:

(1) Hot stamping component with tailored mechanical prop-
erties could be obtained with segmented heating and
cooling tool. There was a noticeable change in mechani-
cal properties of the component especially when tool
temperature was higher than 400 °C.

(2) Results from SEM and color tint etching showed that
martensite reduced, while bainite and ferrite increased as
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tool temperatures increased. It was found that martensite
reduced from 85 to 30% and bainite increased from 12
to 55% and ferrite increased from 4 to 15% as tool tem-
peratures rose from 25 to 500 °C. When the tool tem-
perature was 400 °C, the area fraction of bainite was
more than that of martensite.

(3) Tensile results showed that the highest UTS of
1406 MPa appeared at tool temperature of 25 °C. With
the increase in tool temperatures, the UTS reduced and
the elongation increased. The UTS was 730 MPa, a
reduction of 50%, while elongation increased by 143%
at tool temperature of 500 °C. Hardness values were
470HV and 230HV, respectively, at tool temperatures of
25 and 500 °C.

(4) UTS and Vickers hardness were approximately linear
correlation with area fraction of martensite and almost
negative linear with bainite content. Linear fitting opti-
mization of experimental data was conducted to obtain
mathematical models of the UTS, hardness and area
fractions of martensite and bainite.
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