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Abstract

The effects of forming temperature on the formability and product properties of hot-stamping boron steel B1SOOHS were
investigated. Based on the fractional cooling strategy, boron steel sheets were heated to achieve full austenitization before
they were removed from the furnace and cooled to the forming temperature using different cooling methods. Subsequently,
they were simultaneously press-formed and quenched inside the tool until the martensitic transformation was finished. A
series of thermal tensile tests were conducted to study the effects of forming temperatures on the stamping performance
indices, including elongation, yield ratio, and hardening exponent. Then, the mechanical properties and microstructures of
the hot-stamped products were characterized. Finally, an irregular part was formed using different fractional cooling
strategies, while its formability and springback phenomena were discussed. The results show that using a fast-cooling
method to reach 650 °C as the forming temperature optimizes the formability of the tested B1500HS boron steel. The best

mechanical properties and smallest springback values were achieved using this optimal strategy.
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1 Introduction

Hot-stamping technology has been widely used in auto-
motive and other manufacturing industries to produce high-
strength steel parts [1]. During hot-stamping, a boron steel
blank is heated to ~ 900 °C and kept in a furnace for
nearly 5 min to ensure homogenous austenitization. The
hot blank is then quickly transferred to a tool to conduct the
forming process. Because the tool has a relatively low
temperature, supplied by a cooling system, the quenching
process of the blank is performed inside the tool simulta-
neously [2, 3]. The microstructure of boron steel post-hot-
stamping is primarily martensite, and its strength reaches
1500 MPa or higher [4].
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Studies of process parameters on hot-stamping tech-
nology have been conducted in recent decades mainly to
find optimized parameter combinations for realizing high
mechanical properties and low cycling time. Such process
parameters—e.g., the forming temperature, cooling rate
and austenitizing time—that affect the thermal forming
process have attracted a great attention. Mori et al. [4]
provided an overview of the state-of-the-art in hot-stamp-
ing processes, which included the effects of these process
parameters. Liu et al. [5] considered three main factors that
affected hot-stamping qualities of the high-strength steel
BR1500HS, including the blank holder force, forming
temperature, and tool temperature. The experimental
results indicated that the forming temperature had a larger
impact than others. Cui et al. [6] discussed the effects of
blank geometry, forming temperature, and stamping
velocity on the forming quality. They also demonstrated
that the forming temperature played an important role,
especially when the temperature was close to the phase
transformation point. Moreover, Rong et al. [7] presented
different methods to investigate the formability of high-
strength steel sheets at elevated temperatures. In addition,
some researches such as literature [8] were performed
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concerning the effects of process parameters on the
springback during hot stamping. The importance of form-
ing temperature was addressed as well [9].

Meanwhile, the cooling rate is another key parameter.
Naderi et al. [10] conducted hot-stamping experiments on
four high-strength alloyed steels using water and nitrogen
cooling media. Different formability and microstructures
were found owing to the varied cooling rates, which were
also noted by Nishibata et al. [11]. Maeno et al. [12] used a
servo press to retard the temperature decrease by reducing
the contact time between the die and the blank for
improving the formability. Maeno et al. [13] found that
hot-stamping parts can be quenched within dies or in water
when held at the bottom dead center to improve the pro-
ductivity of the hot-stamping process. Zhao et al. [14]
proposed a rapid cooling pretreatment to solve the cracking
issues of hot-stamped steels. Ganapathy et al. [15] pro-
posed a new hot-stamping process with pre-cooling to
improve the ductility of boron steel, and the productivity of
the hot-stamping process was improved as well.

In this study, effects of forming temperature on the
formability and product properties of hot-stamping boron
steel BISOOHS were investigated. Based on the fractional
cooling strategy, the quenching process was divided into
two steps—the one before stamping and the one after
stamping. A series of thermal tensile tests were conducted
to obtain the stress—strain curves from which the forma-
bility under different temperatures was deduced. Then, the
final mechanical properties and microstructures after the
application of different fractional cooling strategies were
characterized. Finally, typical experimental parts having
unequal height and width were formed at different forming
temperatures. In addition, the springback phenomenon and
formability were compared and discussed.

2 Thermal Tensile Tests

2.1 Material Characteristics and Experimental
Scheme

Uncoated and cold-rolled boron steel B1500HS blank
samples produced by the BaoSteel Co. were used as the
hot-stamping steel [16]. The blank thickness was 1.4 mm.
Table 1 shows the chemical composition of B15S00HS. Its
original microstructures are ferrite and pearlite. The M and

Table 1 Chemical compositions (wt%) of B1500HS

C Si Mn Al B S P Cr

023 024 13 0.046 0.0026 0002 0.022 0.174
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M; of BIS00HS are 373 °C and 235 °C, respectively, with
the critical cooling rate of martensitic transformation being
27 °C s~ [17].

Isothermal tensile tests were conducted to study the
thermal flow behavior of BIS00HS and analyze the influ-
ence of the forming temperature expressed as Q7. Similar
works for 22MnB5 can be found in a previous report [18].
In this study, the steel blank was cut into tensile specimens
as shown in Fig. 1.

To simulate the actual production process, the speci-
mens were heated and maintained at 920 °C, at a heating
rate of 10 °C s~!, for 5 min. The specimens were then
quenched to a certain temperature (600 °C/650 °C/700 °C/
800 °C/850 °C) at a cooling rate of 80 °C s~'. Subse-
quently, isothermal tensile tests were conducted at a strain
rate of 0.1 s™' to obtain the stress—strain curves. Indicators
of stamping performance were calculated, including elon-
gation and the hardening exponent n. For each set of
parameters, three tests were performed, and the average
values were calculated for analysis.

2.2 Results and Discussion

The stress—strain curves are plotted in Fig. 2. It can be seen
that the forming temperature significantly affects the flow
stress of B150O0HS steel. By increasing the temperature, the
flow stress gradually declined. This result agrees well with
a previous report [19].

To investigate the influence of different temperatures,
the stress—strain curves were fitted using a simple power
function, o = K¢". Table 2 lists the results of the stamping
performance indicators.

Figure 3 illustrates the variations of the yield strength,
the yield ratio-expressed as yield strength/tensile strength,
elongation and the hardening exponent. Low yield strength
reduces the requirement of press tonnage during produc-
tion. The yield strength decreased continuously by
increasing temperature, which is consistent with many
other steels. All these strengths, as shown in Fig. 3a,
remained at an acceptable low level. Yield ratio is an
important index during the forming process. A small yield
ratio implies a large feasible plastic range. As shown in
Fig. 3b, the yield ratio first decreased and subsequently
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Fig. 1 Specimen for thermal tensile tests (unit: mm)
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Fig. 2 True stress—strain curves at different forming temperatures

increased. It reached the minimum at 650 °C. On the
contrary, the elongation first increased to a maximum at
650 °C and then decreased, as shown in Fig. 3c, which also
implies that the plasticity of B1500HS reached the maxi-
mum value at the formation temperature of 650 °C. Fig-
ure 3d presents a decline curve of the hardening exponent
n as the temperature increased, and similar results are
shown in the literature [20]. It is known that a large
hardening exponent can lead to uniform deformation,
thereby reducing the local thinning of the blank and
increasing the limit deformation parameters [21]. Overall,
considering all these indicators, the temperature of 650 °C

Table 2 Results of the stamping performance indicators against the forming temperature

Forming temperature (°C) Yield strength (MPa) Tensile strength (MPa) Yield ratio Elongation Hardening exponent, n
600 159 324 0.491 0.269 0.25
650 143 294 0.486 0.344 0.21
700 131 259 0.506 0.309 0.21
750 122 230 0.530 0.305 0.19
800 106 191 0.555 0.292 0.18
850 94 163 0.577 0.271 0.15
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Fig. 3 Stamping performance indicators at different forming temperatures: a yield strength, b yield ratio, ¢ elongation, d hardening exponent n
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can be regarded as the optimal forming temperature for
B1500HS steel.

3 Mechanical Properties
and Microstructures

3.1 Experimental Scheme

This section discusses the effects of cooling strategies on
mechanical properties and microstructures of the final hot-
stamping products. Figure 4 shows the experimental
scheme. Cooling rates for two stages were fixed as
80 °C s~! and 30 °C s~ ', respectively. The cut-off point
called as the forming temperature Q was changed from
550 to 920 °C. It should be noted that this experiment
primarily focused on the effect of temperature design, no
real forming process happened here. All these treatments

920°C X 5min

8/Q°C/S 550/600/650/700/750/800/920°C
Air cooling

10°Cls 30°Css

Temperature

Time

Fig. 4 Thermal simulation scheme for the fractional cooling process
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Fig. 5 Tensile specimen geometry for the thermal simulation exper-
iments (unit: mm)

were performed in a Gleeble 3500 thermomechanical
simulator under vacuum condition. The compressed air was
used as the quenching medium. Following this, the
mechanical properties were obtained by tensile tests at
room temperature through Zwick/Roell Z100 machine at a
tensile rate of 1 mm/min. Figure 5 illustrates the geometry
of the tensile specimen.

3.2 Results and Discussion

Table 3 shows the results of mechanical properties post-
thermal simulation experiments. The tensile strengths were
close to each other for different Q7. However, the elon-
gations presented notable variation as Qr changed. When
Q7 was lower than 650 °C, the elongation reached 12.8%
that is 22% higher than that at a Q7 of 920 °C. As a
comprehensive mechanical index [22], the product of
strength and plasticity at 650 °C was also high, up to 19.6
GPa%. Similar phenomena can also be found in a previous
report [23].

Figure 6 shows the microstructures of B1500HS after
heat treatments with Q7 = 920 °C and 650 °C, respec-
tively. The white blocks in the figures are retained austenite
and some unetched martensite. The microstructures under
both conditions were mainly lath martensite structures.
Finer lath martensite was found for the sample with Q7.
= 650 °C (Fig. 6b), which was smaller and more uni-
formly distributed than that of Q7 = 920 °C.

4 Hot-Stamping Experiments
4.1 Characteristics of the Stamping Part

The effects of forming temperature on formability and
springback were studied using a particularly designed part
as shown in Fig. 7. Both the height and width of this part
were nonuniform, which changed the formability. The
springback performance was hard to control.

Table 3 Mechanical properties

of BIS00HS post different heat Forming temperature (°C) g, (MPa) o, (MPa) 0 (%) ap 0 (GPa%)
treatments 920 882 1558 10.5 16.3

800 1090 1547 10.7 16.6

750 1093 1538 10.8 16.6

700 1045 1547 11.9 18.4

650 1087 1530 12.8 19.6

600 1067 1563 12.7 19.8

550 1067 1549 12.8 19.8
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Fig. 6 Microstructures of B1500HS at different forming temperatures. a Q7 = 920 °C, b Q7 = 650 °C
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Fig. 7 Geometry of the unequal-height and unequal-width U-shaped Part (unit: mm)

4.2 Experimental Scheme

A hot-stamping steel B1SOOHS blank of the dimensions
300 mm x 190 mm x 1.4 mm was heated and austeni-
tized at 920 °C for 5 min. The blank was removed from the
furnace and cooled down to a designed temperature Qr
before it was transferred to the stamping tool. Both the air
cooling method and water-spray method were applied
during this stage. The cooling rate of the water-spray
method was higher than 80 °C s™'. The air cooling method
had a variable cooling rate that was about 30 °C s~' or
less. Q7 was chosen as 550 °C, 600 °C, 650 °C, 700 °C,
and 750 °C, respectively. The stamping and quenching
steps were conducted after the blank was transferred to the
die, as shown in Fig. 8.

4.3 Formability Analysis

Rapid cooling pretreatment affects not only the
microstructure and final mechanical properties as discussed

920°C X 5min

Water or air cooling
« 550/600/650/700/750°C

e

Die cooling

Forming
25°C/min

Temperature

Time

Fig. 8 Hot-stamping experiment scheme with fractional cooling
strategy

in literature [14] but also the hot-stamping formability.
Figure 9 shows the final post-hot-stamping parts using
different fractional cooling strategies. It can be found that
the forming temperature significantly affected the forming
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Fig. 9 Hot-stamping parts by integrating the fractional cooling process: with air cooling a Q7 = 550 °C, b Q7 = 600 °C, ¢ Qr = 650 °C,
d Q7 =700 °C, e Qr = 750 °C, and with spray cooling f Q7 = 550 °C, g Q7 = 600 °C, h Q7 = 650 °C, i Q7 = 700 °C, j Q7 = 750 °C

quality of the hot-stamping parts. As mentioned above, the
unequal-height and unequal-width characteristics of this
part resulted in a tough challenge for the forming process.
Fractures happened for high forming temperatures such as
750 °C and low forming temperatures such as 600 °C and
550 °C. The part could be successfully formed without
fracture only when Qr was set near 650 °C. These results
agree with the tensile tests and microstructure analysis.
Moreover, using a fast-cooling-rate method during the first
cooling stage improved the formability as compared to
those using the low-cooling-rate method. Specifically, the
water-spray method had a large effective formability range
than the air cooling method, which is attributed to the
effects of better grain refining when the fast-cooling
method was applied.

Normal hot stamping was also performed. The results
were very close to those obtained using the air cooling
method with Q7 = 750 °C and fractures occurred.

@ Springer

4.4 Springback Analysis

Based on the characteristics of this part, seven cross
sections were selected to study the springback phe-
nomenon as shown in Fig. 10. The dimensional accura-
cies were stated by fillet angle « and round angle f3, both
of which were measured via a laser-scanning method. The
design values of a and f§ were both 90°. The deviations
between scanned angles and the design angles are called
springback angles.

Figure 11 presents the measured results of the stamping
part of the experiments. Figure 11a—g presents the curves
of the springback angles at different forming temperatures
for the seven selected sections. Figure 11h shows the
springback distribution at different cross sections when the
forming temperature was set as 650 °C. In all these figures,
the values of Qr = 800 °C refers to conventional hot-
stamping results.
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Based on Fig. 1la-g, these sections had similar

springback rules. All fillet angle deviations had positive
values, and all round angle deviations had negative values,
suggesting that the final > 90° and f < 90° as shown in
Fig. 10 in section 6. Generally, the springback values of
the fillet angles were smaller than those of the round
angles. The former values were close to 1°, and the max-
imum values of the latter reached 3.6°, which occurred in
sections 1 and 7.

The forming temperatures had notable effects on
springback values in all the cross sections. It is hard to find
a clear effect law of the forming temperature for all the
springback phenomena because the geometry of this part
was quite complex. However, it can still be found that the
springback values were smaller than others for most sec-
tions at Q7 = 650 °C. Figure 11h presents the springback
distributions at this temperature. Similarly, Guo et al. [24]
also found that low forming temperatures led to smaller
springback than that at high forming temperatures.

J..L
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/ u/) \
a
Bg

Design section

5 Conclusions

A series of thermal tensile tests, thermal simulation tests,
and hot-stamping experiments of an unequal-high and
unequal-wide U-shaped part were conducted successively.
The main conclusions are:

(1) Forming temperature had a great influence on
stamping performance indices, such as the elonga-
tion, yield ratio, and hardening exponent. When the
forming temperature was set as 650 °C, a small yield
ratio, large elongation, and large hardening exponent
of BI500HS steel were obtained, indicating good
formability.

(2) The forming temperatures studied herein were all
above the martensite transformation starting temper-
ature. Thus, the change of forming temperature did
not affect the process of martensite transformation,
which ensured that the strengths of the final part
were all over 1500 MPa. Meanwhile, the fast-
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cooling treatment during the first stage refined the
grains and moderately improved the plasticity.

(3) The unequal-high and unequal-wide U-shaped part
used in the hot-stamping process show that different
forming temperatures changed forming qualities,
including the fracture generation and springback
values. Both of them reached optimal qualities when
the forming temperature was set near 650 °C.
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